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Preface

Coastal Ecological Systems of the United
States was originally prepared for the Federal
Water Pollution Control Administration as
part of the National Estuarine Pollution Sur-
vey conducted in 1968 and 1969. It was the
product of a group of scientists led by staff
members of the University of North Carolina’s
Institute of Marine Sciences. Its four volumes
include a comprehensive survey of scientific

information through 1969, as well as a new

system for the classification of coastal ecosys-
~ tems. The manuscript was submitted to the
U.S. Environmental Protection Agency (which
absorbed the FWPCA in 1970), but was not
published.

The Conservation Foundation is now able
to publish this work because of an assistance
grant (Grant No. 043-158-68) provided by the

National Oceanic and Atmospheric Adminis-

tration’s Office of Coastal Environment, which
is responsible for implementing the Coastal
Zone Management Act of 1972. The purpose
of the grant was to assist the Conservation
Foundation in preparing an amended version
of this comprehensive work for NOAA’s pro-
. gram use. Upon completion of that activity,

the Conservation Foundation agreed to make
this material available to a wider audience by
reproducing the amended manuscript in the
most inexpensive way possible.

Those whose personal efforts merit recog-
nition are Robert W. Knecht, director, and
Edward T. LaRoe, coastal ecologist, of the
Office of Coastal Environment, who foresaw
the relevance of this work to the practical
needs of coastal zone management; Eugene T.
Jensen and A. L. Wastler, of the U.S. Envi-
ronmental Protection Agency, who arranged
for the original study; and John Clark and
Laura O’Sullivan of the Conservation Foun-
dation, who, respectively, persuaded their or-
ganization to publish this massive work and
atténded to the myriad details of bringing it
into print.

The Editors:

H. T. Odum,

University of Florida
B. J. Copeland,

North Carolina State University
E. A. McMahan,

University of North Carolina
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INTRODUCTTN

The estuaries of the United States have always been a major resource
in development of America's economy, culture, and way of life. In the
severe first winters' in New England the natural storages of food in clams
and mussels provided critical foods to the early pilgrim colony., Most of
the early pioneer cultures were nurtured by the foods and organized by the
transportation pathways provided by the tidewaters. Now in the twentieth
century, the spread of urban civilization is including the estuaries, alter-
nating cities with wilderness areas in new designs for the planet earth.

The new patterns involve wastes, dredging, and industrial uses of the bays
which are changing nature so fast that our comprehension is badly lagging
in spite of accelerating efforts at scientific studies of estuarine science.
Thus in 1968 the Congress of the United States has called for summaries

of the status of knowledge of the estuaries pertinent to the planning of
management and further. study.

The Need for Organizing Knowledge of Estuaries by Type

Following many years of studies of the coastal seas by universities,
state govermment organizations and federal laboratories, the information
dispersed in papers, books, reports, and documents is now vast, much of it
in local sources outside the mainstream of national consideration and plan-
ning., Without some new ways of organizing our knowledge and plans, no
individuals can any longer encompass the knowledge pertinent to management
of the resources of a single state. Discoveries of relationships in
estuaries on the Pacific coast may be the answer to probléms developing on
the Atlantic coast and vice versa., Inadequate communication results in part
from the difficulty of recognizing common features of coastal systems that
seem to be different, Some means is needed for organizing -the knowledge
according to a natural classification of estuaries, one that groups together
estuaries with similar responses to disturbance, planning, or management.

In recent efforts to describe the estuaries of America, 893 groups of
estuaries have been listed. This is too many to consider individually as

if they were separate phenomena, Although each system has some properties
unique and different, many have common similarities in théir basic processes,
which allow them to be grouped into types. Whereas studies of single species,
single chemical processes, single geological features and single processes of a
physical nature have been useful and often rigorous, the behavior of an
estuary depends on the total interaction of all the chemical cycles, water.
circulations, and species behaviors. It is the wholé system phenomena that
state departments responsible for estuarine resources must consider. Perhaps
it is in the 'systems study of the overall performance that there 'is hope for
prediction and management. The developing science of Ecology is the study

of ecological systems (ecosystems) such as forests, lakes, and estuaries,

and it is the realm of this science to provide natural ways to group the
systems,



Man, A Component in Nature

In the ecological approach to environmental systems man's role is con-
sidered as an integral part of nature. An ecological system has inputs and
outputs, It processes materials and energies within organizational patterns
of water current, chemical processes, living components, and man's uses and
wastes. Whether the system is a tiny balanced aquarium or the huge bio-
sphere of the whole surface of the earth, all the users and processors of
materials and energy are part. In the same sense urban man is now becoming
a part of the coastal systems, often dominating the chemical processes as
well as the fishes and microscopic plankton. Where the effective organiza-
tion of processes breaks down, it may be man ‘who reaps disastrous results.
Any classification of estuarine systems must include ancient types that pre-
ceded man and that remain in wilderness areas as well as new patterns associ-
ated with estuaries newly disturbed by man, Part I presents 48 ecosystem
types as a beginning. Others will probably be added as our knowledge pro~
gresses, *

Estuary or Coastal System?

In one sense, the word estuary may mean partially enclosed bodies of
marine water such as lagoons, river mouths, and bays. The problems in
management of our coastal seas and seacoasts, however, include the beaches,
the intertidal rocks, mud flats, the coastal waters among island archi-
pelagos, zones of the open sea waters along open shorelines, and other con-
figurations which might not fit under the word estuary. America's need and
the mission called for by Congress is clearly to organize our knowledge of
all the ecological systems of the coast. Thus for this effort we deal with
all the coastal systems where man's culture is or soon will be interacting
with the sea. Usually, large estuarine bodies of water contain more than
one ecological system or subsystem. It is the ecosystems rather than the
estuarine water bodies that are discussed and classified here.

Pollution and other Disturbances by Man

. The influences of man are presented in our report in two-ways. If the
influence by man is not sufficiently large to distort the formerly natural
ecological system into an unrecognizable structure and type, the disturbance
factor is described and documented by the author reporting the story on that
type of ecological system., If the energy sources or stresses involved with
man's special influence are so large as to predominate and in effect create
a new type of system, this influence is recognized as oneof the emerging
new types of ecological systems self-designing its relationship to man.

These are found in the final group of systems (E),. ‘

Organization of the Report

Efforts have been made before to classify estuaries according to
ecological principles and in Part I we build our classification on these



earlier ‘beginnings, although we broaden the basis using theories of energy
control. For a classification to be useful, it must serve to condense
knowledge, to generalize, to aid teaching, to simplify planning for manage-
ment, and lead to progress. It should not deal with only one geological
structure, water flow, organism, etc. Once recognized, however, the types

of systems may be mapped according to the distribution of indicator organisms
such as the foraminifera, as described by Nichols in Part II. The presence
of small skeletal-bearing organisms allows cores of sediment to be studied as
a record of former systems. TFor each type of system that we define here,
there follows a chapter summarizing its usual structures and processes,
Bibliographic references are cited by system. Some are also cited by state.

If estuaries have sometimes been handled in the past without adequate
thought for overall system properties, a classification may help to guide
future programs into a more rational organization. If the populations and
properties of a coastal ecological system require management of thé whole,
.a recognition of the main types of systems should help to eliminate efforts
to deal one at a time with one species, one problem, or one component lo-
cality. The main function of our report is to identify, characterize, and
document some examples of each important type of coastal ecosystem. Remarks
pertaining to individual states in Part III suggest the distribution of system
types and their manner of application. However, there remains the need for
separate studies in each state to map and designate types in each estuary.

Part IV has the report's overall recommendations concerning further
study and management of the coastal ecosystems.

Part V has chapters on each type of system, Knowledge about an eco-
logical system can be introduced under 5 headings:

Summary of Components by Name, Mass, Number
Vertical Patterns '

Horizontal Patterns

Flow Pathways

Temporal Patterns

) .

[SLREL I FUR L S
.

.

However styles and order of presentation of material by the various authors
vary. Where a specialist was not available to supply a chapter, the editors
have provided a substitution.

Part VI is the bibliography arranged alphabetically with pertinent
state or locality indicated. The letter code (the same as' that used in the
table of contents) identifies references pertinent to a system type, In-
cluded separately is a bibliography of estuarine bibliographies.

Systems Analysis and Simulation
Although estuarine science is only now entering the simulation phase,

data on components and structure (items 1-4 above) provide means for simu-
lating with computer programs that give the temporal consequence (item 5) of



the structural patterns of species and chemical concentrations, If the com-
puter simulation produces a temporal pattern in the system's behavior that
matches the observed pattern with time, then one has some evidence that the
component theories of the behavioral interactions of the parts built into
the program are applicable to the real one with some utility for prediction,
for experimental testing, and for incorporation into a harmonious pattern of
man's newest civilization, Its use in systems modeling is one reason for this
effort to reorganize estuarine knowledge, recognizing a relatively few kinds
of coastal systems, each of which can be simulated, With realistic simula-
tion, rapid testing of expensive propositions with computer models may be
arranged before tampering with the great estuaries themselves,
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Part I

A FUNCTIONAL CLASSIFICATION OF THE COASTAL SYSTEMS OF THE UNITED STATES

He Ts Odum - .
The University of North Carolin
Chapel Hill 28514

Be J. Copeland
The University of Texas
Port Aransas 78373

INTRODUCTION

It is an intuitive belief smong marine scientists that each estuary
and coastel system is unique and different, probsbly because there are so
mény possible combinations of important factors of geology, climate, tide
and history that identical combinstions are improbable. However, similar=-
ities do exist even among estuaries widely separated on opposite coasts of
the United States, so that it may be possible to clessify the hundreds of
estuaries Into & relatively few types. Ve propose herewith & classifi-
cation of the coastal systems of the United States according to the most
prominent processes dominating the functional activity of the system. To
clarify concepts and terminology we will first describe briefly the character-
istics of any ecological system. After reviewing some previous efforts st
estusrine classification, we will present tlie proposed theory of classiftcatior
based on dominant energy flows. It is a basis that includes biologicsal,
geological, chemicel and physical clessification factors, energy being a
comnon denominator. . :

An ecologicel system consists of populations of organisms, flows
of water, invisible pathways of cycling chemical elements and various
organizational mechanisms which cesuse the parts to be inter-related. A
bed of underwater eelgrass, with producing plents, micro-orgenisms and
enimals, is an ecological system. So is & bay in which water circulates
end indigenous microscopic planktonic organisms develop, exchanging minerals
from the bottom to the top in continmual flows, Wherever there are special
conditions, the marvelous self-designing property of ecological systems
produces special adaptations, characteristic species of clems and fish and
properties that are uniguely characteristic of that special condition. In
the tropics there are coral reefs and in the Arctic there are systems that
are adespted to ice and icy waters. Where the conditions pulse, the patterns
and programs of the ecological system may pulse in response. Because
conditions are never exactly the same, the systems which develop are all
unique, but there are similarities that may form the basis for grouping
and classification. .

Classification is necessary in the affairs of mem, for where Information
is diverse and extensive the limits of the humen mind require categories and
simplified summaries for comprehension., The knowledge and publications on
estuariesare so vast that clear perspectives are sometimes drowned in date,
Patterns studied in one estuary may not be recognized as similar and re-
curring in another. As the problems with preservation and development of
estuaries become acute with expanding populations, there is increasing need
for & clessificetion that has meaning for plenning end mensgement. For the



summaries of the state of knowledge on estuaries requested by the Congress
of the United States for 1968, a classification according to the principles
of ecology may increase comprehension and simplify future plamning.

CHARACTERISTICS OF ECOLOGICAL SYSTEMS

The general characteristics of an ecological system may be illustreted
by the diagrams in Figs. 1-5. The following is a theoretical discussion of
the relationships of various system components. '

Visual Summery Disgram

Perhaps the first step in summarizing en ecological system is to
present a visual inventory of the main components of a system., Thus Fig. 1
is a diagram that gives & visusl summary of principal species of animals
and plants that constitute the main control structures of the flows and
processes of & plankton system in a deep bay. In such a diagram, one
simplifies by including those species and non-living structures thet are
most dominant (i.e., most important by welght per area). One includes
principal swimming species and principal bottom consumers, If data are
avallable one includes a graph on the average masses of principal components.
Such inventory of components alone gives little idea of the way the system
works, but the presence of characteristic species with known speciel adaptations
suggests the nature of the system. Thus, species are known that are character-
istie of plankton life, bottom life, low salinities, wide ranges of stress,
lov temperature, etc, '

) The public has often been misled by concentrating their interest on
large visible organisms, whereas the importent issues of yield, stability
and weter quality are more concerned with mainteining an effective flow of
energy and mineral cycles. The populations of larger animals tend to be
switch feeders taking some of many inputs, especially eny flow thet becomes
excessive, and serving by their ommivorous role to even out the total energy
flow web while supporting themselves, Because of the phenomenon of converging
food pathweys into the larger animals, these animsls may smooth out small
locel variations and thus are sometimes useful as indices to classifications
of system types where oversll mensgement plemning may be involved.

Vertical Patterns

In vertical aspect (Fig. 2) the ecosystem cen be divided into maein
zones relative to light energy that enters the system from above. The
upper zone, where photosynthesis of microscopic plankton algee occurs,
is marked with & P for primary productive photosynthesis (a process that
useg fertilizer, carbon dioxide and mineral elements to meke organic food
for the rest of the food chains and at the same time releases axygen).
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CRUISE 1

FALL 1951
CRWISE (I
FALL 199!
CRUISE I

WINTER 1952

CRUISE 1V

SPRING 1952

CRUISE ' V

SUMMER 1952

CRUMSE vi
FaLl 1952
CRUISE i

"WINTER 1953

CRUISE vill
_SPRING 1953
CRUISE X

SUMMER 1933

NUMBER OF ANIMALS PER ‘CUBIC _ METER

001-0. Ql1-1.0 1.0~ 10 mﬁ

The vertieal distribution of Neomysis américana along the axis of the estuary. The dashed
line is the depth of the eritieal light intensity. The nearly vertical straight line is the 4%, isohaline.

Fig 2B, Example of a population of intermediate consumers(Mysid shrimps)
retaining position in an estuary as waters flow in and out,
Delaware River Estuary(Hulburt, 1957)
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Drawn by Poul H. Winther; G. Thorson dir., Orig.

Fig, 2C. - Substitution of species in parallel cormunities
(‘Thorson, 1957J.
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Deeper down in the shade, the consumption of organic food by animals, micro-
organisms and plants (termed respiration) is exceeding photosynthesis, and

the overall process reaction is the reverse. When orgenic food is consumed,
oxygen is used and minersls and carbon dioxide are released to the water

again., An effective ecosystem circulates the products of one zone or layer

as imputs to the processes of the other either by using natural circulation
processes of the water motions or by supporting animal, plant and microbiological
organisms thet accomplish the same result through expenditures of work in such
living processes as swimming, pumping streams of water or concentrating chemicals.
All contributing structures, such as the populations of living orgenisms partici-
pating in the system, have to be maintained by expedditure of work. - The respire-
tory consumption of food and oxygen measures the magnitudes of work involved

in self maintenance, '

The tasks of work are divided up among specialists. Whereas some
organisms are specialized by their biological adaptations to start micro-
scopic plant food through the food chains, others are adapted to process
foods accumlated by small animal plankton (we,ter flea size) and still others
(e.g., larger fishes) are adspted to cover large areas and perform distributional

roles in consumption of foods and cycling of mutrients. The specialized
tasks in the ecological systems are performed by different species, and the
significance of variety in living organisms includes the separation and
specialization of functions of particular adaptive value. In stratified
systems where nommal vertical circulation is limited by the stebility
of the two-layered stratification, the mechanism of vertiesl migrations by
organisms is an adsptation for vertical circuletion of food, minerals and
work. \ C '

. Although these summarizing statements do not begin to convey the
complexity of reactions of the many organisms participating in the living
control processes, they suggest the contributions to the system as well

as the self-serving roles of their activities. The presence of a species is
tied not only to its own sbilities to utilize the avallable inputs and outputs,
but also to the presence of a life support system that provides the correct
combinations. Both the components and the overall flows of energy must be
maintained without shortages and excesses. If this balance of cycling fails,
the system is less effective in processing food energles and is subjeet to
replacement either as a whole or by substitution of parts,

Horizonta;l. Patterns

The main energy flows in estuarine systems have lateral dimensioms in -
map view from above (as in Fig., 3), especially where there are strong water
currents that organize the populations into gyrals and integrate food
end consumers iniways that are regenerating and contimuing. The horizontal
patterns help show the organlzation of the pathways between the plants that
mast be spread out to catch the sunlight and the centers of consumption
(the animel cities) where the regenerstion of plant minerals occurs in concen=
trated centers of activity. In urban culture transportetion does this, bub



UNIVERSITY OF

A BIDLOGICAL EVALUATION OF THI
DELAWARE RIVER ESTUARY

DELAWARE MARINEI LABORATORIES

Delaware Bay
Scale in Miles

o
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Fig, 3A. Some of the ecological subsystems of a 11;';-?31- estuarine system,

Blue crabs participate in bottom subsystem and the main plankton system

above (Shuster, 1959).
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A. ESTUARINE PRODUCTIVITY -- SUMMARY OF NUTRIENT FLOV:

NUTRIENTS COMING FROM AND THROUGH THE NUTRIENT BUILD-UP
AREA (1) ARE IN A FORM USABLE BY MICROSCOPIC FLOATING
PLANTS IN THE BAY REGION (2). UNUSED NUTRIENTS ARE BOUND
INTO MARSH PLANT TISSUES (3) AND ARE ''FED BACK" REGULARLY
INTO THE BAY WATER BY BACTERIAL ACTIVITY AFTER THE DEATH
OF THE PLANTS (4. THE RESULT OF THESE PHENOMENA IS A
RELATIVELY EVEN CONCENTRATION OF NUTRIENTS IN THE BAY
WATER (5). ' o

Nutrient build.up area Nutrient pothways. (width

v of arrows indicates rel-
Tidemarshes. ative concentration)

A BIOLOGICAL EYALUATION OF
THE DELAWARE RIVER ESTUARY
UNIVERSITY OF DELAWARE MARINE LABORATORIES
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B. . THESE CURVES SHOW THE TREND IN AMOUNT OF NUTRIENTS IN THE DELAWARE
RIVER AT LOCATIONS a, b, ¢, AND d IN RELATION TO BIOLOGICAL OXYGEN DEMAND
{(=ee) AND LIGHT PENETRATION., TOTAL NITROGEN (=) INCREASES. STEP-VIISE"D_OWN-
STREAM AND TOTAL PHOSPHORUS (NOT SHOWN) PROBABLY HAS A LESS ‘PRONOUNCED,
BUT SIMILAR BUILD-UP. IF LIGHT PENETRATION INTO THE RIVER WATER WERE GREAT.
ER, THE AMOUNT OF THESE NUTRIENTS WOULD DECREASE DOWNSTREAM (-+++).

Fig, 35.. Other subsystems in the Delaware Estuary system. The dark
area is the oligohaline ecosystem (Shuster, 1959).
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in equatic coastal systems it is often the wind and tidal current patterns

that control the pattern of horizontal organization. By circulating mechanisms
or by back and forth shifts of waters, the production process is coupled

4o the consumption process to give full function. .

Pathvay Patterns

The pathways for processing of food, minerals and work are drawn using
pathway disgrams (Fig. 4). Here, it is the imputs and outputs that are
important rather than the positions of the organisms in space, New work
diagrams help to identify occupstion roles of the principal species apd o
characterize the ways that a system is special in its fine tuning of per-
formences in the work network. The energy flow diagram is one of the ways
for showing the pathways for food, work, interactions of species, chemical
cycles and the actions of man. In the general epergy diagram in Fig. 4,
are indicgted several kinds of energy sources by which potential energy
cepable of driving work processes enters from ocuteide. In estuaries, the sun
operating the plant production processes and the organic fuels entering with
rivers are most important. Fig. 4 also indicates the energy drains in a
system., As required by the laws of energetics, some potential energy disperses
as unaveileble heat at every step and this is indicated by the symbol resembling
an arrow into the ground. Also leaving the system a&s energy drains are exports of
potentiel energy as when fish are harvested, when they migrate out of the
estuary or when, during decomposition, some organic matter is buried into the sed-
iment deeply enough to be permenently out of the chemical processes of the

estuary.

A stress on an estuary is & process that drains energy. It can be
either directly as with fish harvest,
or indirectly as by diversion of energy sources that the bay would have
received (e.g., vwhen turbidity shades out the light or when some property
injurious to life is added so that energies of surviving organisms are diverted
into special work of repair replacement or into programming of special
behavior required to adapt to the special property). Thus, for example,
addihg salty brines to an estuary raises the energy cost of operating kidneys
apd maintaining e proper blood chemlstry so that only & few special orgenisms
with the equipment for this can adapt.

Thus the energy diagram in Fig. U4 helps to identify the special
energy inputs or stresses characteristic of an estuerine system vhile
showing the mein uses of this energy within the network of living and non-
living components of the whole system.

Temporal Patterns

An ecological system also has 1fs temporal characteristics according
to the course of the day, the tidal cycle and the season. Since the combinations
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of energy inflows and stresses in a given system are usually unique
the adaptations of the orgenisms also form unique combl-

nations tusv provide for programming of the biological and chemical processes
8o 88 to fit the energy timing., For exeample, the migration of many fishes
and shrimp is progremmed so that the demsnds on the systemS emergy budget
coincide with the seasonel pulse of avallsble energy. The sdaptation serves
a dual purpose: 1t glves the species the best possible competitive position
relative to alternative specles that might occupy that role emd it provides
& hend-in-glove fit of the food chains to energy budgets so that the system
of processing as & whole is regulsted, stabilized and increased in overall
effectiveness in its competition. In describing any estuarine ecosystem,
some graphs of pattern with time are essential, showing the timing of special
energy sources of light and river flows, stresses such as severe temperature
chenge and pollution, and the programe of sdaptation such as reproduction of
organisms or blooms during periods of meximum growth. Figure 5 illustrates
temporal patterns of emergy source, energy stress and internsl programming.

HISTORICAL ROOTS OF ECOSYSTEM CLASSIFICATION

The clessification of ecological systems according to overall types
vas & mejor objlective of the early ecologlsts and geographers starting in
the last century. Under the phrases "plant formation" and "vegetation type"
characteristic plant &ssociations were named on land to classify ecological
systens relating vegetation to causetive climatic factors. Classification
of climates wes related to the vegetation types es in a treatise by Koppen
(1931) although definitions were in terms of rainfall, tempersture and other
meterological properties. Soils were classified in a similar way. Sometimes
the soll type was related to vegetation type and a soil mep made by mapping
the vegetation. Since soll of natursl systems was developed by the ecological
gsystem and its pattern of productivity and minerel cycles, soil is really a
subsystem of the vegetation and its processes, In forests and grasslends
animels are small in relative weight but serve important control fumetions.
The wori "biome" was generated to describe the large overall classifications
of systems recognizing the moving animal populations as a necessary part
in addition to the vegetation and soils, The tundra, coniferous forest, the
rein forest, etc. are biomes found the world over in cheracteiristic climatic
zones., The disturbed systems of the land were usually related to agricultural
use so that by typing the soil the existence of new types of man-made systems
‘were implied. Agricultursl systems have also been recognized, the soil sub-
systen being en importent part. The mapping and typing of systems of the land
has been a major pert of resources use and mansgement. The advenced -state of
land classifications is represented by Shelford's (1963) sumary of land
ecosystems of North America, by Kelloggs(1967) classification of soil types,
and Lieth end Walter's (1967) Atles of climatic types in relationship to
vegetation,

In lakes, typing was relsted to the main features of axygen, plankton,
and main dissolved chemicels, which were often dependent on the geoloay of
the lske region and the geomorphology of the lake~forming processes., The lake
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vas readily recognizable as a single system of cireulating minersls and

media binding the plankton and bottom animals into a single interdependant
network (Neumen 19%2)., Lake typology methods were extensively applied to
Northern Burope, The treatises on Limnology by Hutchinson (1957, 1967)

provide general summaries, A detailed classification of American lgkes as
systems has not been made, but Frey's Limnology of North Americe (1963) provides
a sumary of the limmological studies by state. i '

Streams reflect the characteristics of the drainage basins, deriving
their solution properties from the rocks, ground waters and land systems
drainage. Streams were typed by chemical content and related to regionsl
land type. The water supply papers of the U. S. Geological Survey extend
principles set forth in Clarke's (192k4) Data of Geochemistry. More recently
states have attempted menagement classifications on the basis of waste
present and disturbance.

In lskes and streams, boundaries of the system are usually distinct
at the contact with land. Identifying the boundaries of systems was not the
difficult problem it is in the sea. In the sea, with its interconnecting
water exchanges forming one giant oceanic system, typing of subsystems was
much more difficult because the boundaries of component systems were not
clear, the dominant chemical and biological processes were mainly invisible
and the areas gso vast, Since the sea enimals do much of the work that plants
do on laend and the biome nsme seemed sppropriate, Petersen (1913) in Europe
and Shelford (1913) and Shelford and Towler (1925), using data from the
sounds of Washington in the U. S., attempted to extend the methods of terrestrial
biome classification to estuaries. Examining the bottom animals end plants,
they named the systems according to the one or two most abundant visible
large animal species there. This now seems & reasonable approach where the
bottom system is the focus of interest or is a characteristic part of the
estuarine energy flows and minersl cycles (e.g., with shallow eelgrass). Ewven
- when the estuary is dominated by plankton processes, the bottom animals may
characterize the total estuarine process if diversities are small and adapta-
tions of plenkton and bottom animals are both determined by similex factors
such as salinity stress. Thus Parker (1959), using molluscs, and Phleger
(1960a), using foreminifera, may be cited among those who followed Shelford
in the use of bottom animals to characterize associstions of estuaries with
some success., These classifications allowed sediments in the geological
record to be studied in terms of the ecologicel system at the time of their
formetion, a field called paleoecology.

In high salinities and less stressed enviromments, Shelford's
classification of bottom associations had less significence as a measure of
the estuarine systems in which the associstion oceurred. In the higher
salinities, as in the open sea, there is & finely tuned division of labor
among many slightly different specialized species. Each speeies may form
animal cities of a few acres participating as a subsystem, filtering the
water that passes as it circulates over much langer areas becoming a gient
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pool of nubrients and productive plankton. No one bottom association is
dominating the processes of the overall circulasting emergy and mineral

cycling system. By moving, the plankton would have more tendency to integrate
the patterns over the larger area except that they are so small that they
fluctuate and change with smell temporal transients so that no one collection
cen represent overall effects. The small plenkton in the big systems also
differentiates into pabches, each with different species predominating.
Shelford's bottom classification in the more stable waters of larger dimension
does not cover encugh of the subsystems to represent the main functional
processes, although it may be valid for the subsystem types of the bottom.

As the size and circulation energy of & marine system gets larger,
the size of the component functions may increase. A smell sheltered basin
may have ten species of bottom animals dispersed in heterogeneous groups
8o that a few dredge samples msy give an adequate statistical representation
of the whole system. In larger systems, however, such as the coastal continent-
al shelves, the bottom is differentisted into many subsystems each domineted
by one or two species locally predominating in vast masses over mepy acres;
but no one sub-system really predominates when one considers the overall
large areas over which water slowly circulates in lerge gyrals. The ses
systems of the open continental shelf allow the plenkton to maintain some
continuing patterns as they pass from one bottom subsystem type to another.
In such large systems, classification of bottom subsystems species would
have meaning only if it were done over the whole area of the water gyral and
the frequency of sub-system types enumerated. We may cite works of Zenkevich (1963)
among those sttempting to characterize the open shelves and deeper bottoms.
Whereas an acre of land has much of its main energy flow and mineral cycle
self-contained, an acre of marine bottom in deeper weter is only & contributor
to the larger energy and mineral cycling systems of the circulsting water
‘gbove. Shelford's effort to extend the biome concept to deeper merine
waters did not recognize the nature and location of the main orgenizational
energy flows in the weter sbove or the mechanisms for holding ecosystems
orgenized in moving water.

Efforts to define biomes of the estuaries were more successful where
orgenism8 were speclalized in a.daptinﬁ to particular factor-dominated
situations. Thus the Stephensons (1949) and Doty (1957) cheracterized imter~
tidal zonations of algae, Shelford(1930) the barnmacle zones, wvhere adeptations
to fluctueting water levels produce similar patterns. Pearse (1950) general-
ized on the beach system of the world. Emery's book (1960) on the sea off
southern California considers its subsystems although it stops short of
systems analysis. : ‘ : .

Bullock (1958) shows the physiological temperature-metabolism mechanisms
that permit an adapted species to control its metabolism to a level matching
the rates of food supply of the niche. From these data we infer that crude
adaptation is possible within one species, it finely tuned adaptation is done
by substitution of species because of the ecénomy of saving on physiological
machinery. Hedgepeth (1957)(chapter 13) reviews early efforts at classifi-
cation, shows similarity of northern and southern hemisphere associations,
reviews efforts to invoke the history of the animald distributions to explain
patterns, and following Louis Hutchins (1947) and others confirms the fact
of species substitution with temperature regime. He does not recognize that
e ach species must also find a characteristic emergy role for which it is
preadapted and attracts a positive feedback. The Treatise on Marine Ecology
edited by Hedgepeth (1957) was organized by environmental type but few of
the authors considered system requirements (such as mineral cycling perfor-
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mance and feedback reward work) as causal prerequisite for organization of

a species into the surviving network (see Fig. 4, inset ), Thorson (1957) set
forth a parellel communities conceot., By recognizing svecies substitution in
roles of specialization, he recognized relatively few types of bottom evo-
systems. See, for example, Fig. 2C.

Chapmen (1964) in his book on coastal vegetation uses chapter headings:
rocky shores, algal vegetation (sections on Laminaria beds and on intertidsl
browvn algae), selt mershes, send dunes, shingle beaches, and coastal cliff
vegetation, By recognizing the basic similarities in vegetation by environment,
from world wide examination his pmsentatlon defines several of the types used
in our classification.,

With fewer parameters to comsider, geologists, considering the sedimentary
bottoms of modern estuaries as a guide to understending the sedimentsry rocks,
studied mineral properties and grain sizes of sand, silt and clay. Becsuse
high current end wave energies maintain. the smaller particles in suspension,
the bottoms have grain size and density in proportion.to the energies of
water motion. An energy classification of sedimentary environments was
developed, with beaches and bays being classified eppropriately. Efforts
" 1o relate animals and plants of these bottoms to the sediments made sgnse
vhen the common dependence of sediment and plankton feeders on water motion
. was recognized. The magnitudes of energy flows are clearly a useful basis
of coastal clasgification in these studies and mey be cited. Munk and
Sergent (195%) determined horsepover per foot of reef &t Bikini Atoll as
& morphogenetic factor in development of coral reef ecosystems., Sekou (1965)
measured energies affecting the morphology of Hawaiien beaches. Schiffman
(196’5) showed the distribution of bresking wave and current energies on & °
beach (Fig.6A). The difficulty with these efforts as & general classification
is that only one k:md of energy flow was considered, I.ight energies and
organic food flows were omitted. Fig 6B shaws the relation of current energy
to sediment size and clam density.

Also geological in origin are the classifications of estuarine land-
forms sccording to the processes and types of landforming energy flows,

Rise and fall of the land relative to the sed, the previous actions of

glaciers end the erosion of rivers provid.ed a classification of the estuarine
basins (Johnson,1919). The accumulated work of prior energy flows in forming
estuarine structure was & basis for this classification which mey be represented
by theories of entropy control by Leopold and Langbein (1-9 ). Whereas
geological structures have a major role in controlling the continuing flows

of estuarine energy, they are not sufficiently determinative to serve asg

a classification of the ecological systéms in the estuaries. Thus two

basins of simller geomorphologic type may be entirely different if the

tides or the chemical contents of the rivers differ.

For physical oceanographers studying the watér motions in the estuaries,
the distribution of selt and density of water was important., Pritchard (1952b)
classified estuaries according to salinity patterns and the role of rivers,
evaporation, depth and tidel energies in producing estuaries. He found well-

mixed river-sea water blends, two-layered estuaries with salt wedge on the
bottom, estuaries with sal:mity higher than the sea because of more evaporation
than freshwater inflow and neutral estuaries having no net change in salinity
of sea water while in the estuary. This classification by salinity summsrizes
the interaction in one respect of several kinds of energy drive converging in
the estuary, but it does not summarize all pertinent processes affecting
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ecosystems. For example, two estuaries with the same salinity and mixing pattern
are entirely different ecologically if the mutrition of the river contribution

is different or the seasonal timing of temperature is different. The salinity
classification does not include enough factors for general estuarine classi-
fication.

The use of differences between freshwater heads and tidal heads to
get exchange coefficilents is a means of using potential energy for estuarine
classification (Urban and Masch 1966). Although this is only one type of
energy influencing estuarine systems, it has been useful for engineering
design and hydrographic modeling., Blamton (1964) measured the energy
disipation from the tide in an Oregon estuary (Coos Bay) (Fig, 6D, 6E).

Another kind of classification is based on man's interaction with
the estuary as part of the land system rather than on properties of the
estuarine system slone. A practice of classifying estuaries as A, B, C, D,
etec, according to quality of use was developed by governmental sgencies to
regulate the permissiveness regarding waste disposal. This pattern has been
extended from streams into estuaries in many states, Often this usage
.classification. has been made for shores without regard to the unit of re-
circulating weter where such a classification might have some workebility.
Often the typing refers to safety for shellfishing in the presence of
sanitary wastes containing fecal bacteria. Sanitary classifications probably
provide some idea of the degree of outside mutrient fertilization. Use
clasgifications are of little value for the management of marine systems
for optimum benefits of a harmonious coupling of Man and nature. The
resource and use must make sense together, :

Where men's destructive use of the estuary becomes dominant, as with
low quelity classification (D) where herbors have received multiple wastes
of many industries in high concentration, the typing may well cheracterize a
new "stinko" estuarine type. In general, however, the classificatlon makes
no distinctions between kinds of ecologicalgystems, and thus provides no
guide to the kinds of resource use possible. Our knowledge of estusries
should allow us to do much better and provide a sounder ecological basis
for estuarine management.

A1l of these previcus efforts at classification suffer from the same
difficulty of including only peart of the predominant phenomena and factors
involved., Elsevhere in affairs of science and man, complexity of different
processes have been amenable to unified consideration by the use of the
concepts of energy flow. Energy is a great common denominator measuring
mrocesses of all kinds. Thus we attempt next to combine the roots of the
historical contributions to classification through a general energy
classification. :
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THEORETICAL BASTS FOR AN ENERGY CLASSTFICATION

The classification by energy allows such different features of sys-
tems ag light, tide, pollution, fertilization, harvests and thermal dsgrada=
tion to Ye congidered under one common denominator, that of potential energy

flow.

Different types of systems result when the energy flows are different

in character, and the organisms that control the systems show these differ-

ences in their adaptations and diversities.
Consider some theoretical aspects of the system.

Table 1.

Our classification is given in

Table 1: A classification of coastal ecological systems and sub-
systems according to characteristic energy sources.

Category

Name of type

. Characteristic energy
gsource or stress

A. ' Naturally stressed
systems of wide
" latitudinal range

B. DNatural tropical
ecosystems of
high diversity

A-2.
A-3.
A-L.

A-5.

B-1.
B-2.
B-3.
B-L.

B-5.

. Rocky sea fronts and in-

tertidal rocks
High energy beaches
High velocity surfaces

Oscillating temperature
channels

Sedimentary deltas

. Hypersaline lagoons

.. Blue~green algal mats °

Mangroves
Coral Reefs
Tropical Meadows

Tropical inshore
plankton

Blue water coasts

High Stress Energies

breaking waves

breaking waves
strong tidal currents

shocks of extreme
temperature range

High rate of sedimen-
tation

briny salinities

temperature variation
and low nighttime
oxygen

Light and Little Stress

light and tide
light and current
light and current

organic supplements

light and low nutrient
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Category Name of type

Characteristic energy
source or stress

C.

D.

Natural temperate eco-
systems with seasonal
programming

C-1. Tidepools

C-2. Bird and Mammal Islands
C-%. Landlocked sea waters
C-L4. Marshes

C-5. Oyster reefs

C-6. Worm and clam flats

C-TA. Temperate grass flats
C-7B. Shallow Salt Ponds

C-8. Oligohaline systems

C-9. Medium salinity plankton
estuary

C=10. Sheltered and strati-
fied estuary

C-11. Kelp beds
C-12A. Neutral embayments

C=-12B. Coastal Plankton

Natural Arctic Eeo-
systems with ice
stress

D-1. Glacial fiords
D~2. Turbid outwash fiords

Sharp seasonal program-
ming and migrant stocks

spray in rocks, winter
cold

bird and mammal colonies
little tide, migrations

lightly tidal regimes
and winter cold

current and tide

waves and current,
intermittent flow

light and current

small waves; light en-
ergy concentrated in
shallow zone

saltwater shock zone,
winter cold

nmixing intermediate
salinities with some
stratification

geomorphological iso-
lation by sill

swells, light and
high salinity
shelfwaters at the
shore

eddies of larger oceanic
systems

Winter ice, sharp mi-
grations and seasonal
programing

icebergs‘

outflow of turbid ice-
water lens
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Category

Name of type

Characteristic energy

- source or stress

E.

Emerging new systems
asgsociated with man

D=3A. Ice stressed coasts

D-3B. Inslore Arctic eco-
systems with ice stress

D-Y4. Sea ice and under~ice

plankton

E-1. Sewage waste

E-2. Seafood wastes
E-3. Pesticides

E-4. Dredging spoil
E-5. Impounament

E-6. Thermal pollution
E-7. Pulp mill waste

E-8. Sugar cane waste
E-9. Phosphate wastes
E~10. Acld waters

E-1l. 0il shores
E-12. Piling
E-13. Salina

E-1k4. Brine pollution

winter exposure to
freezing

ice, low light

low light

New but characteristic
man-made energy sources
and/or stresses

organic and inorganic
enrichment

organic and inorganic
enrichment

an organic poison

heavy sedimentation
by man

* blocking of current

high and variable
temperature discharges

“wastes of wood processing

organics, fibers, soils
of suger industry wastes

wastes of phosphate min-
ing

release or generation
of low pH

petroleun spills
tréated wood substrates

birine coﬁplex of salt.
manufacture

stress of high salt

wastes and odd element
ratios
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[ Table 1 (cont'd.?) -

Category ' Name of type Characteristic energy
source or stress

E-15. Petrochemicals refinery a.nd petro-
chemical manufacturing
wastes

E-16. Radioactive stress radicactivity ,

E-17. Maltiple stress alternating stress of

many kinds of wastes
in drifting patches

E~18. Artificial reef strong currents
F. Migrating subsys- Some energies taxed
tems that organize : from each system

areas

In the presentations that follow, a principle of classification is used
which gives recognition to whatever influence is most prominent whether it be
physical, biological, geological or derived from the actions of man. The common
denominator for measuring the amount of influence is energy. ALl processes by
man or by nature sre measurable by the amounts of potential energy in Calories
which have been passed through the system doing work. The kinds of energy that
usually dominate the coastal systems are of three main types (Fig 8a).

1. Light energy drives photosynthesis of the plants and supports the
food chains that support biological populations. Where other energy sources
are relatively minor, the light energy acting through plants so characterizes
the system that it is appropriate to recognize the productive plant in the clas-
sification. Thus we have Eelgrass systems, Phytoplankton systems, Turtlegrass
systems, Kelp beds, etc.

2. Orgsnic fuels constitute a second regular energy source to the
coastal ecosystems. Many rivers, for example, carry loads of organic matter
from the fields and forests which serves as the food for bacteria and higher
animals. Some of these fuels are wastes from man's emerging system. Others are
entirely natural such as the orga.mc matter from swa.mps or mangrove coasts.

5. Mechanical energy is the absorption of fluid momentum of the winds,
waves and tides and is another environmental. solirce of energy, which is responsi-
ble for many of the phenomena of the system. A bea.ch Tor example, receives the
pounding of incoming waves that so predominate the system that the sedimentation,
the organismal adaptations and chemical phenomens. are determined end coupled.
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Often, when other energy flows are dominant such as light-driven photosynthesis,
the physical energy augments particular processes as an auxiliary source. Thus
the turbulence of physical stirring serves to augment nutrient circulation, mak-
ing special pumping mechanisms by organisms unnecessary, and allowing other prop-
erties to be developed instead. Such differences are implemented by substitution
of species. :

The flows of energy are channeled according to the blologicasl, chemical
and geological structures of the system that are in turn maintained by .the sys-
tem or introduced from the outside (and thus are energy sources). The sedimen-
tary structure of a beach is meintained by the properties of bresking waves.

The patterns of plankton are maintained by circulatlon of waters and the behav-
iorel responses of the animals. . A

Energy Flow Diagrams

The representation of energy flows may be done with energy flow dia-
grams (Fig. 84, B) using the symbols in Fig. 7. Energy flows from potential
energy storages (Circles) or from external energy sources. AlL potential energy
vhich does work must divert some of its flow into dispersed heat as shown by the:
arrow-ground symbol, which diagrams the second energy principle. External energy
sources provide energy in programs that ere characteristic of the situation.

The energy budgets of most estuarine systems are sketchily known so that quanti-
tative values are available in only a few cases. Certeinly completion of the
main features of the energy diagrams with quantitative data on flows and programs
of input are developing understending and among the first needs in management.

) Where a flow requires a second flow as in a chemical reaction, In a
process Incorporating essential parts, in a process requiring work from a second
source, etc., the second flow of energy passes into heat while making possible
potential energy flow from the first source. This is indicated by the work gate
symbol (pointed block). Such & symbol represents multiplication of two flows
and the process of varying the force of one while holding the second constant
provides & hyperbolic output response of the interaction. The quantitative as-
pects of energy diagramming and other systems languages are not treated here ex-
cept to show the relative dominance of particular flows that dominate the princi-
ple classes of coastal systems.  These diagrams mey help to clarify verbal state-
nments. A system is an organization of component participating parts and flows,
end the diagrams help to clarify the organization of these parts.

Names

Although dominant energy inflow should determine the classification as-
signed to & system, naming of systems needs to be familiar, readily attached to
our experiences and easily remenbered. Names, therefore, are common English
words which describe or are associated with the dominant energy influences. The
guantitative accounting of the proportion of total phenomena including physical,
chemicel, biologicel, geological and man-made processes is energetic and may be
diasgrammed similarly. The flow of energy from potential energy into useful work
is the great common denominator.



Energy network symbols

O O 4

ENERGY SOURCE PASSIVE ENERGY HEAT SINK

STORAGE
D E F
POTENTIAL PURE ENERGY WORK GATE

GENERATING WORK RECEPTOR

G H !
SELF-MAINTAINING PLANT ECONOMIC
CONSUMER POPULATIONS TRANSACTOR
POPULATION

Fig. 7. Symbols of energy flow diagrams(Odum, 156%),
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Boundaries .

The boundaries of an estuarine system may be the natural boundaries
of a shore line if that shore encloses a system of components. Usually, how-
ever, one system connects with another so that boundaries are not sharp.
There are usually flows from one system to another but it may be convenient
to draw 'a boundasry when the cycling and organizational processes within the
system are of greater magnitude than the input and output flows.

Systems and Sub-Systems

All systems are made up of sub-systems, lesser but recognizable units
with their own characteristic flows and structures. A residential district is
a subsystem of a city. A mud flat or a submerged grass bed are examples of
subsystems of an estuary. Sometimes the type of system in one area is a major
system but becomes a minor subsystem in some other area. Most partially-en-
closed basins on the coasts are not single systems for our purposes; but include
recognizable gsub-gystems which require separate treatment for understending and
management. The coast lines of the United States have strings of systems and
sub-systems alternating according to the external energy flows available at dif-
ferent locations. ' :

Stress as FEnergy Drain

Vhen an energy flow drains structure and energy away from enother flow
it contributes to the character of that system, although it may be detrimental
in +the sense of eliminating structures and patterns that would have developed
due to some other energy flow. For those comnscious of biological properties,
growths and populations, there are many energy flows of great severity that
drain energies away from biological productions either by destructim or by re-
quiring defensive adaptive work by animals. Low diversities of organisms ac-
company the development of special adaptations of the organisms that do mein-
tain & system. Whether positive or negative, eneregy flows are characterizing’

" the system. Pollutional actions are one of the many kinds of energy flows that
may modify & systems structure and processing in special ways (Fig. 8B). ‘

Emergent New Systems Coupled to Man's Influence

Emerging in response to dominant special new energy flows from men's
civilization are characteristic complexes of organisms, chemical properties and
geological parameters that constitute new estuarine systems., The characteristic
patterns found when sewage 1s running into sea water or the complex near pulp
nill cutfalls are examples of new systems that may be expected to reocccur when-
ever an estuary is dominated by one of these special inputs due to man. These
new systems have had little time to develop special organisms by evolution al-
though the micro-organisms are capable of rapid mutation and selection. Through
preadaptation, organisms may exist on earth in fresh or salt water which will find
conditions of the new flow adequate and growth-promoting. The testing of the
suitability of organisms to these new conditions is going on continuously by the
trial and error of animal migrations without any aids from man. There is some
reason to hope that one of our new pollution systems which has inadequate process-



34

ing, cycling and order now may in time become a better self-controlled pattern
a8 more organisms evolve or emigrate to develop the variety and specialists of .
the system. 1In Table L are recognized in the classification some of the emergent
new systems where examples exist that provide evidence of special character. 1In
defining the emergent new systems associated with new inflows from man, we do not
necessarily indicate whether the new system is good or bad, such judgement being
related to considerations such as the type of system displaced, the system of man
and nature desired at thaet point and the meaning of the change for the survival

of man. .

New disturbed systems which may seem harmful by displacing valuable

natural systems, if knowledge develops, may be menaged with additional controls
towerds some useful and beneficial purposes. In this report we seek only to
recognize the controlling energy flows, base our classification on this natural

basis and organize owr knowledge therewith.
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NET SOURCE~STRESS ENERGIES AS A SCALE F(R ESTUARINE CLASSIFICATION

‘In considering latitudinal and emerging ecosystem types, the presence
of characteristic types 1s apparently related to the emergy availsble for
supporting speclal systems. Consider the following theoretical reasoning
vhich underlies the classification of American estuaries. The following
summarizes current ecological theory.

Relation of Energy to Specialization amd Diversity

It 1is a well established principle In ecology that among populatlons
of orgenisms of different species capsble of exponential Malthusian growth,
if not organized in some way to prevent campetition, one species will
exclude the other. This is so because the one with an edge in reproductive
rates will, under the conditions, feed back its rescurcee into more individuals,
gaining an ever widening supremscy in numbers and sbility to use the resources
in comparison to its competitor. Thus in various kinds of simple situstions
in laboratory or in disturbed situations in nature, competitive exclusion
1s the result.

Ir, however s there are additlonal specles that serve to regulate
end control, 1f there are programs of behavior built into the speciles
involved, or if other meens such as specialization prevent competitive
exclusions, then the pattern of meny species is possible. There is diver-
gification and specialization, and the system as g vwhole may have higher
efficiencies in 1ts total effect although energies are spent in the cone
trolling end organizational mrocess. Organization 1s thue measured in the
control preventing competitive exclusion and permitting specialization,
The amount of speclalization and organization possible depends on the-
energies avallable after stress and basic maintenance of a system is
covered. . .

Thus any dlsturbances and stresges introduced by climate, fluctustion
in external cordition or actions of man serve to detract energles from
that capable of developing organization and diversity. Competitive exclusion
Mcreases and specles diversity must decline, Diversity is thus useful as
en index of the amount of stress whether natural, induced by pollution,
or other influence. In one stress location a particular species msy pre=
vall and a different one in another loecgtion, but both are possible only
when there is less energy drain and enough remining for crganization to
support bothe

The opportunity for a specles, in ecological jargon, is called
the niche, a term that refers to the input and output connections prow=
vided by the system and to the role of the species which adapts to these
inputs and outputs. More niches are possible with more energy beyond
stress costs because more complex networks can be organized by energles
spent on control mechanisma.

In general, avallabllity of energy for organization and diversity
divides the flows of energy among many kinds of specles so that there i1s
1ittle for any one, Thus, potentials for food harvest for man are not
increased even though the total productivity of all the specles tends to be
large. Stresses often chamnel energies into high yields of a few products



which are succeeding in competitive exclusion. Where stress is high and
diversity 1s small, the estuarine system tends to have g few dominants,

to support large fisheries based on one or two species, Because the system
is not finely tuned iIn adeptation, it tends to cover wide ranges in
latitude. These systems tend to take human disturbance réadlly because

of their specilalization for change, rapid replacement and progremning

for severity.

The complex systems have great diversity of speciallsts for
mineralizing verious organic chemical substances of the ecosystem and from
men's wastes A property of the diverse system is effective mineralization
end water cleaning processing, Stresses that tend to reduce the diversity
eliminate mich of this ebility for diverse microbial and chemical pro=
cessing by the organisms. Thus there is an inverse relationship of
mineralization and food yield tendencles of ecosystems.

Size, time and location of systems are also involved. If there
is an isolated small estuarine system, It may not have had the size and
time to evolve independently as many kinds of species as it might support
under the conditlons of energy source ami stress. If, however, species which have
developed the same kinds of adaptation elsewhere cen be moved in, there
may be an iIncrease in the diversity and organization possible. Particularly.
in isolated situations like Hawaili, there may be more simplicity than
energles are capable of supportings When systems are very small the pro-
bability of re-establishment 1s smaller relative to probsbilitiles of
extinction due to normal fluctuations of small simple systems. The theory that
the balance of energy of source minus stress controls diversity suggests a

pattern of different estuarine types represented in Fig. 9+ On the hori-
zontal exis Is represented energy source and on the vertical axis erergy
stress (drains). Diversity and crgsnization is highest where energy
sources are high and stresses low as In meny tropical situations or

in many situaetions in oceanic temperate locations and leest in arctic
situations, in areas of great salinity shifts,or in areas of large dis=
turbance by man.

Diagram of Latitude and Salinity Stress

In estuaries, the stress. of the fluctuating selinity end latitudinal
temperature shifts are main influences that operate to control diversities
end the varlety of ecosystem types. In Fig.lO the amount of salinity
fluctuation 1s indicated on the horizontal axis and latitude is Indicated on
the vertical axis. High latitude has severe seasonal temperature changes
for which surviving programs are necessarily adapted., In general the higher
latitudes hsve about half as mach light energy per year to use towards
maintaining structure as compared with the tropics so that the combination
of less energy and more temperatwre stress allows less energy for speciali=-
zation and oargenization, '

The section in the lower left with low stress from temperature
and salinity has high diversities in eech system and & high diversity of
possible systems addpting each one in & finelytuned manner to local circum-
. stances so that there are many more kinds of sub-types. The upper right section
of the diagram with high salinity veriastion is very low in species and tends
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to have only & few types. Typing is not only simpler, but management
planning may be more readily studied.

Iatitudinal Differentiation

In systems in which stress is large, the energles for finely tuned
_diversity, specialization and organization do not exist and specialization
of faunas with latitude do not develop. Thus in natural areas which have
high wave energies like beaches, in sharply fluctuating salinity situations,
or in situations of extreme pollution, latitudinel differencesdisappear as
the adapted differentiated systems are displaced.,. Highly stressed systems
can therefore be classed according to the stresses to which their rompo-
nents must adapt, but not according to latitude. One of the most striking
examples is the prevalence of Crassotrea virginica (the eastern oyster)
reef system in Pearl Harbor, Hawail where sharp stresses fram salinity -
fluctuation and from pollution bring in the general stressed pattern
system of the east coast of the United States (Figs 11-13).

Another is the severe fluctuation of temperature in the Cepe Cod
Canal which simplifies attached communities, producing the ubiquitous
green algal associations that one finds also in polluted harbors at San
Juan, Puerto Rico, or the naturally stressed Intertidal zones of Venezuels
(See Chapter A-l) or Alaska (Hubbard, 1968).

Thus the first main division of our classification consists of natural
systems of wide latitudinal distribution associated with high stress
energles of natural origin., For similar reasons we group most of the
exerging new systems associated with new kinds of stress from man also
without much latitudinal variation. In the man-stressed systems, there
is an additional factor of inadequate time for evolution of adapted
specialists. :

As one moves away from the high energy beaches and salinity-
shocked river mouths, the stress diminishes and the differentilation is
with latitude and temperature programming. The eastern United States in
general has severe fluctumtions of salinity and temperature in its inner
estuaries and has very little zonation from Maine to southern Texas. In
outside sea waters, however, temperastures and salinities are far more
constant and there are charscteristic biogeographical zones. Around each
cape there are specles substltutlons as at Cape Cod, Cape Hatteras, Cape
Canaveral, etc., whereas in the inner estuaries the substitutions are
fewer. As one moves south on the east coast, temperature and tidal stresses
do decrease although salinity variations often increase in the sub-
tropics because of erratic rainfall, The interplay of the fluctuation type
of energy stress seems to predict whether generalized stress systems pre-
vall or whether characteristic latitudinal types result. '

The flows of estuarine energy on earth may be considered conveniently
in three latitudinal groupings, tropical, temperate and arctic. Tropical
systems have higher drains of thermal dissociation requiring more respira-
tory work maintenance, but programs of temperature change are often less
varisble. Light energy is greater on the yearly average and more regular.

" T1dal and wave energies are usually less, although exceptional energies
develop in infrequent hurricanes. Arctic systems have extreme shifts in
light and dark programs of solar insolation, variable temperature and the
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action of ice. The temperate systems are characterized by moderate light
pulse with season, moderate temperature ranges, moderate temperature, large
tides and large waves.

Power and Communication Connectives

It is a property of most estuarine systems that they are coupled

to other nearby systems of freshwater or open sea by means of flows from
one to the other which have controlling effects. Examples are the migration
of populations of fishes with reproduction one place, nursery growth in a
second place and, sometimes, further action as adults in yet another place.
These populations are participating as components in more than one system
andby the timing of their participation they serve to even out energy loads
or place controlling energy drains which accentuate fluctuations. If by
such timing of their life cycles these populations arrange for special
. inputs to their owm processes, they are assured a continuing role.

Insuring continued support from the system, the migrant provides some
- control service in exchange for its effect of feeding. The migrations of
salmon, shrimp and other organisms are examples of inter-power system
‘connectives, in the same sense that telephone and power lines connect
cities. The roles of these flows in one system are that of an outside
energy flow, although sensible management requires that consideration of
the connective as a whole mechanism be also considered.

. Power transmission systems are a property of systems with regular
programs of production and stress. They permit more diversity and
efficiency in-a locality than could be supported through seasons of the
yvear of minimum energy and maximum stress. The phenomenon of migrating
major pulses increases generally with latitude associated with light and
temperature cycles although there are major pulses in tropical zones
wherever such patterns as monsoons and shifting doldrum belts change
rainfall and salinity regimes. - '

Much emphasis has been placed In a century of work on fishes like
salmon,that reproduce in freshwaters and move into the sea during their
welght gains,and components like the Anguilla eels or Penaeid shrimp that
reproduce at sea and move landward during weight gain. An examination of
all these moving populations suggests that the critical aspect of survival
is synchronizing the populations’ main energy need in phase with a strong
pulse of energy availability. Whether it is king crab in Cook Inlet, Alaska
(Bright, Durban, Knudsen, 1960), shrimp of the bays of Texas (Odum, 1967b), or
salmon passing through lakes and estuaries during their period of most rapid
weight gain (see Ghapter F), the patteras seem similar.

In earlier studlies security of the reproduction process has been

. emphasized. In the last century, marine fish hatcheries were developed.
They failed because no one had any idea of the numbers involved in these
processes and drop-in-the-bucket levels were involved in the hatcheries.

The public still retains this kind of view. Predictions of salmon and many
other stocks are still being developed on the assumption that the limliting
factor in stocks is the number of young launched. Where a river is blocked
to salmon or & bay blocked to shrimp, reproduction does limit, but what
about the usual pattern? For salmon, and many other heavily studied species
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data do not exist fully to prove the theory of population as the limit at
maximm energy demand stage (per population) Theories in vogue in ma.na.gement
agencies permitted management of specq.es to be done jndependently

of management of the whole system.

Not only are there migrations from the sharply pulsing estuary to
the lesser pulsing open sea systems, but there is a general latitudinal
migration of large oceanic and coastal fishes north during the productive
seeson and back south during the low productive season, thus helping to
spread the seasonal energy pulse more evenly over the oceans and coasts.

The five main divisions of our classification are given in Fig. 1lh.
Latitudinal differences exlist in the highly stressed systems of natural’
and man-disturbed types, but these are considered as variants rather than
as entirely different systems. Where salinity, pollution, and wave stresses
are not great, latitudinal differentiation occurs with quite distinctively
different systems recognizable with latitude related to temperature levels ’
to seasonal programming, and to migrating popu]a.tlons.

Plankton and Bottom Differentiation

Even in the freshwaters, one readily classifies systems according to.
the role of the bottom subsystems. For example, many recipes for fish
pond management concern the cumpetition between plankton systems and benthic
plant dominated systems, the one shading out the other or taking away
‘nutrients because of its ability to hold a motion relative to the
moving water. ' '

In the coastal systems we may distinguish four main classes of sys-
tems related to depth and the role of the bottom. Seaward of the coastal
systems if one is at the continental slope the bottom of the seas may drop
sharply away so that the surface ecological system has no bottom. The ‘
phenomenon of the deep scattering layer develops and one has the surface
system coupled to a complex migration of shrimps and other animals moving
up;and down each day and night. In general any system with a deep scattering
layer subsystem under it is outside of the scope of ocur effort to classify the coastal
systems except where it is continually washing up on shore (Chapters B-5, C-12),

For purposes of classification we separate those systems with:
sufficient clarity and shallow water so that the bottom attached plants
have 50% or more of the plant photosynthesis. Many of the salt ponds of
New England have important bottom communities as do the bays of Texas.
Shallow productive systems bathed with tidal waters and little salinity
fluetuation have high productivities and moderately high diversities.
Among these systems and subsystems are the eelgrass beds of the temperate
latitudes and the turtle grass meadows of the tropics.

When the bottom is too shaded for major plant production the photo-
synthesis is by the phytoplankton and the food chains are based on zocplankton
and zooplankton-feeding fishes as well as on benthic filter feeders, the
clans, mussels and oyster reef subsystems. When the water is so deep that
the bottom becomes unimportant, the main consumer system is that of the
plankton food chains as through herring-like fishes. Most estuaries have
fairly equal roles of benthic and swimming consumer components because of
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the intermediate depth of the bottom. The benthic consumers are a subsystem
that varies in its importance, being a minor component in deep estuaries and
a major system of energy processing on clam flats. ‘

West Coast and East Coast Comparisons

1t became apparent soon after the state surveys were begun that the
systems of the east and west coast could be placed under the same categories
even though there were different names of species dominating in.many instances.
We confirm, therefore, the "parellelism"' generalizations of Thorsen (1957, 1958).

On both coasts salinity changes are a main stress., Temperature fluctuation
on the east coast is due to sharp shifts in strongly flowing air masses, whereas
on the west coast the stress comes from upwelling and injections of cold water
from the sea. In general the stress severity of the east coast was greater so
that west coast estuaries often had several species occupying the role of a
single species on the east coast., In Table 2 are some equivalents suggested
among dominant and commercially important species of fish and crustacea from
the east and west coasts which seem to occupy similar roles in similar systems.

'
/

Figures 15 and 16 diagram the manner by which emergy drains of stress, such
as sharply fluctuating temperature, salinity and pollution wastes, channel energy
into fewer species, When conditions are less stressed, energies of the food
chains go into specialization and division of labor providing more zones, each
occupied by a different species, Thus the less stressed estuaries of the north-
west coast have more benthic clam types over the zones from. fresh to salt water
than at an equivalent latitude on the New England coast., More energy is avail-
able for the differentiation and organization that is necessary to prevent com-
petitive exclusion.

Introduction of Faunas

The introduction of faunas has been controversial in ecology. -However,
the experience of establishing the Japanese oyster in estuaries of the Pacific
Northwest or exotic and fast-growing trees suggests that opportunities for
developing improved yields to man may come from bringing n species less under
local controls., On the other hand the fast spread of agricultural diseases,
weeds and animal pests in American cities suggests dangers, cautions and
difficulties of predicting outcome of transplants, According to Elton (1958)
and many others, the fast spread of transplants in spectacular and permanently
disrupting ways on big continents is associated mainly with areas already dis-
turbed there, The transplants do not invade the well-established large systems,
but enter the disturbed areas or the small or remote areas that may be regarded
as missing major elements of possible support. In marine waters, ships and
currents enable frequent introductions., With the development of more disturbed
estuaries, more successful invaders may be expected as part of new designs for
new conditions.

For those considering transplants or the dangers of introductions, the
classification of estuaries may be useful in helping to indicate areas where
analogs are to be found which may have adaptations to similar regimes,
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Rosaric Strait

l/ep/uil)ys Faciation

Heteromastus Faciation

T pncal Cucumaria-Scalibregma
Association

Piperata faciation

( L’;,-n::;a,':z::i5':?4'3;5;7%5?;

Ammochares-Euclymcne Faciation

21 Ecotone belween Cucumaria-Scalibregma
- _Ass'n.sB S_grf:gqloctntmtus-Argobuuinum
J

Provisional map mdxcatmg the faciations of the Cucumaria- Scahbrcgma asso-
ciation (Pandora-Yoldia biome) in and adjacent to East Scund. Either a-narrow strip
of Macoma-Paphia biome, or the Pisaster ochraceus faciation of the Strougylocentrotus
biome occurs between the Cucumaria- Scahbregma association (or its faciations} and
mean low tide. The width of both of these is greath exaggerated. The intertidal area
is occupicd locally by the Macoma-Paphia biome in its lower edge and by the Balanus-
Littorina biome elsewhere. These details cannot be shown, to scale, on this map.

Fig. 15 . A north temperate estuary with relatively uniform salinity and
temperature regimes allowing energies for differentiation of bottom
subsystems, East Sound in Orcas Island, Puget Sound, Washington
(Shelford et al., 1935). ‘
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Fig. 16 , Merrimac Estuary, Mass., stressed by large temperature and salinity
variations. The enlargement below shows soft shell clam beds which predominate
(Jerome, Chesmors, Anderson, and Grice,1965)
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Species may be rapidly reprogramed (physmlog:lcally, genetlcally, or
by substitutioén of stocks) to time their énergy demands and services to the SYyS=
temn so as to maximize its own survival and its contribution to the system
pattern's survival. Sakuda (19665)in Figs. 12 and 13 shows for the oyster,
Crassostrea virginica, different _pattetns of body thickness and reproductive
activity in Hawail as compared with mote temperate latitudes.

The Hiséorical Factor

Deep divisions of opinion and belief exist among biologists considering
the distribution of marine organisms and their ecosystems, Many biologists
are cofnicerned with long term evolution, speciation, and other historical events
that have made available the present genetic material for ecosystems. Some
believe that organisms live at a place if they can get there and if there is
nothing toxic or lethal to them there, Being concerned with evolutionary pedi-
grees, these biologists consider one taxomomic group at a time and draw maps
of distributions from which theories are derived regarding possible events
which 1ncreased access, mechanisms isolating stocks long enough for genetic
change, and othér historical actions. These theories do not require of the
organisms that. they contribute closed loop work services, mineral cycling,
econony of adaptations or other ecological performance criteria as a requirement
for incorporation into a system. These approaches sometimes contrast with,
ecosystem theorists, starting with Darwin, who found the requirements of the
system 1mposing choiceés on whatever genetic material was at hand to develop
adaptations required for system survival. Surely both are necessary for the
existence of an ecosystem: (a) the genetic information represented by the
species, from which ch01ces may be made and (b) the selective actions of
organized system in loop rewarding those species which make service contributions
that optimize the system's energy utilization and mineral eycles in work towards
survival and continuation, With the strong energies of circulation in the sea,
the historical factor may not be critieal in limiting a system in any one place.
The argument over the importance of historical access is involved in all plans
for change as with the proposed Panama Sea level canal.

/

Biogeographic Classifications

Examples of the biogeographic province approach are given in Figs. 17 and
18. In Figubre 17 are zones of similar temperature regimes to which many species
are correlated becduse of their physiological adaptations for maintenance,
enzyme operation, seasonal programming of reproduction , and common access to
genetic pools, The ultimate reason for the correspondence of seasonal program-
ming and temperature regimes may be that both are a function of the energy input
program from the sun and other sources. The seasonal energy pulse moves through
the compartments of the food chain as heat ‘energy accumulates in the water.
Similar light energy regimes tend to develop with similar temperature regimes,
In Fig,18A are calculations of similarity with latitudinal zones on the west
coast by North and Hubbs (1968). Biogeographic provinces are also shown as
classified by those studying animal distribution on the west coast without regard
to the systems the animals are serving. “Although discontinuous patterns in
faunal lists are found when sharp changes in temperature occur on some capes such
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Figs 17. Biogeographic provinces related to temperature regimes
and faunal similarities (Hall, 1964),
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Fig, 18B, World temperature regimes (from Hedgepeth, 1957).
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as Cape Cod or Cape Hatteras, the ecosystems may be continous with little

change in general character because of niche substitutions. The boundaries

of biogeographic provinces thus do not correspond with boundaries for ecosystem
types and thus may not provide a basis for management. Species adapted to the
more severely stressed conditions tend to be world wide and less related to
biogeographic provinces. Heald (1968) in providing approximate maps for fisheries
(shellfish included) finds patches and zones rather than continuous distributions
corresponding to biogeographic provipces, Ecological differentiation determines
the systems rather than the factors of access and temperature,

Arctic Systems

As one moves north, and the pulse of temperature and photosynthesis gets
more and more extreme, the properties of temperate zones of the main coasts
of the United States retain much of their charactér with some variations and
species substitutions. Entirely different systems appear with the presence of
ice as glaciers, as glacial melt patterns, as sea ice stress and in systems that
are actually in and on the ice. The combination of extreme tides and extreme
cold increases’ intertidal stress on mud flats beyond that capable of supporting
temperate types of systems. In our classification we identify as Aretic only
those systems 'not recoganizable in the temperate latitudes.

. Tropical Systems

Although stressed systemsare similar in temperate and tropical versions,
systems not exposed to sharp stress are characteristically different from those
of temperate latitudes, with species that have neither low temperature adaptations
or adaptations for sharp seasonal changes, Thus the coral reefs, ‘tropical plankton
waters, and oceanic mangroves (in areas of small tidal range) have long been re=-
cognized as types of maximum diversity and beauty, of maximum aesthetic value,
A system is characterized as tropical when it is associated with‘staple conditions,
generates high diversity and does not occur in areas subjected to frost.

Diversity of Contributing Subsystems in Large Waters

When salinities and temperatures have only moderate ranges, when other energy
stress drains are small, and when the system size is large, the division of
specialization is not only by inclusion of many species, but sub- -gystems of
relatively low diversity are developed that provide a pattern of alternating
diversity much in the way that a country-side is dispersed with cities of different
main contribution to the overall economy, It is important to an understanding
of the estuarine systems to define both the subsystems and the overall system
as well. Thus the bottoms of high salinity stable bays are divided up ipto sub-
systems of benthic clams and worms, each being dominated by some assoc1at10ns
while the overall bay system in toto has a large divetrsity of spec1alists contri-
buting to the pools of mineral nutrients and plankton operators. Examples are the
patterns of bottom associations on the continental shelves as reported 1n extens1ve
studies by Zenkevich (1963). .

The patterns of alternating subsystems in benthic fauna is found in estuarine
regions in the higher salinity bays and archipelagos as yith the example of
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MErcgnaria c¢lam beds off Massachusetts in Fig, 19 (Ropes and Martin, 1960),
The specialization of beds of different species, which all contribute to the
single system of water, mineral cycling and plankton drifting by, is another
example of the division of niches possible when stress is less and there is
high diversity of large animals, distance, temporal programming, channeled
mineral flows and other organizational mechanisms preventing competitive ex=
clusions that might otherwise develop.

ECOLOGICAL SYSTEM TYPES IN THE CLASSIFICATION

The proposed classification of coastal systems is given in Table 1. It
was derived from considerations of energy inflow, stress and diversity develop-
ment plus a lot of intuition and suggestions of our many discussants. The
names used for each system are not really important, except that we have sought
common words in their regular English usage, selected to suggest the features
of characteristic energy flows responsible for our recognition of the type.

For clarification, column 2 of Table 1 lists the energy source or energy stress
which is characteristic, Following Table 1 is a consideration of the basis
for the recognition of each type.

Indicator Species in Stressed Systems

In highly diversified systems such as the near-shore shelf waters no one
species is a system indicator because with slightly different conditions, a
. different species is tuned to take over local dominance. In the stressed en~-

vironments and those requiring much programmatic adaptation species are few and

those present are so highly adaptive that their presence identifies the nature
of the regime. Bottom esnimsls have proven useful as indicators of systems as
shown by Parker (1959) in Fig. 20. The extensive efforts to use foraminifera
for this purpose is the subject or Part II., Jefrries (196Zb)using Raritan
Bay, New Jersey summarizes use of 8 calanoid copepods as marker of steady
injection of coastal plankton into systems characterized by mixing.

, Salinity Adaptations

Salinity adaptations apparently require considerable energies, not so much
in the actual operation but in the carrying of the physiological machinery and
programs of response to salinity fluctuations,

In Figs. 21-25 are some salinity ranges for which certain species are
adapted. Under these conditions they substitute in the niches for similer
species which are adapted for other yanges. The adaptations are not only to
the salinity level but to the range of fluctuation. Sloan found very high
diversities in regular estuarine salinity ranges where the water was steady
because of its source in salty springs, as contrasted with low diversities in
tidal estuaries where salinities are continually fluctuating daily and seasonally.
The fairly low diversities in the estuarine waters at the mouth of Lake Maricaibo,
Venezuela (Fig.22 ) contrast with rhe high diversities in waters at the same
latitude not exposed to continual saiinity shocks. Sanders, Mangelsdorf and
Hampton (1965) showed in the Pocasset River estuary that the infauna in nwre
stable salinity was diverse, while the fauna more exposed to the shifting
salinities in the waters above were few in species (Fig. 25).

These examples and others cited in the chapters that follow emphasize the
importance of the fluctuation of properties in diverting energies from other
potentials,
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l-hour tow) in Nantucket Sound, Massechusetts (From Ropes and
Martin 1960; Fig 5).
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at Delta shores and distributaries of large rivers: Nucidane (3) also common in variable salinity sounds
and pro-delta slopes. Meéllita (5) migrates through inlets into bays. Certain species of Nersting (7)
also found in fresh- or brackish-water marshes near large river mouths.

Fig., 20, Indicator bottom animsls in ecosystem types of the
Gulf of Mexico (Parker, 1959). 1 and 7, oligohaline system;
2, oyster reef; 3, medium salinity plankton system; 4 and
6, shallow bottom vegetation system; 7, salt marsh; 8,
hypersaline lagoon,



SALINITY TOLERANCES OF SOME INVERTEBRATES OCCURRING WITHIN THE 56
DELAWARE RIVER ESTUARY (compiled from several sources)

RANGE OF SALINITY TOLERANCE **

0.2 10 15 20 25 30 35 A0
o 3 SR CESEN R N N IS s

HHH

=T

P I B e

Sources: (1) Spector, 1956; (2) Amos, 1954 and unpublished
" data; (3) Carriker, 1955; (4) Cowles, 1930; (5) Ryan, 1956, -

Stauber (1943) pointed out, in discussing a graphic method of
representing salinity condition in Delaware Bay, that species
are limited to certain regions of the estuary by the effects
of the extremes in the salinity range and of their duration
rather than by the average conditions. For a further discus-

% QORGANISMS
(1) Cliona celata
(boring sponge)
(2) Nereis succinea #**%
{a clamwormj)
(1) Crassostrea virginica ik
{AtIantic oyster)
(3) Urosalpinx cinerea s
{oyster drill)
(1) Callinectes sapidus
(bIue crab)
(%) Neopanope texana sayi :
, (Say's mud crab) '
(5) Panopeus herbsti
{2 mud crab)
(4) Hexapanopeus angustifrons
(a mud crab)
(5)  Eurypanopeus depressus
i%gat mua‘craE]
(5) Rhithropanopeus harrisi
IBracEisH water mud crab)
(2) Aeginella longicornis
{Iong-horned caprellid)
(1,6) loligo pealii
{common squid)
(1) Lolliguncula brevis
{short squid)
*
“and z6) Haefner, 1959.
%k
sion of tolerances see Fry (1947).
Aok At summer temperatures (20-27°C).
ook

Can withstand short-time salinity changes of 0-42 %/oo in

the laboratory (1).

#%%k%%k Can survive salinities as low as 8 °/oo during the winter (2).

Fig. 21, Salinity adaptations of estuarine animals in a temperate area

(Shuster, 1959).
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YARDS
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00 om0
HAUTICAL MILES
a va H

ATLANTIC OCEAN

1 1
stas’ Te"e0’

Chart of the Reaufort (N. C.) arca showing
loeation of hydrographie statious: 1—Shark Shoal,
Pivers 1., 3—Gallant Point, 4—Ncwport Marsh, 5—
b Point, 6=—3idway, 7—White Ruck, &—Turtle Rock, -
Cross Roek.

Conditions and results of salinity tolerance

experiments.
Number Balinity
Length r Temperature Death
Species . rauge inity range Paint
(mm) | interval °C) {o/00)
Gastropods:
o Nassarius eibez............ 117 13 22.8-26.2 9
& Thais floridana. .. ... 47-78 4 28.0-28.5 - ]
- Odostomia smpressa, . 1-4 20 28.0-30.0 1
> L'rosalping einereq. S| 1230 20 26.1-28.1 1}
- Bua‘ycan earied.............| 41-86 ] 26.0-26.5 1
'z' Ceril]lium,ﬂoridanum.‘ ...... 24-48 6 26.0-26.5 13
- Fasciclaria hunteria. . ...... 3891 3 27.5-28.8 17
2 Cantharus tinetus............| 1530 16 26.527.0 18
"] Thais veligers. ... ceen - 50 25.0-27.5 ]
Cerithium veligers.......... — 30-70 23.526.0 21
Pelecypods: N
Mercenaria merecraria. .. ... 30-123 4 25.3-27.8 0)
Modiolus demissus. .. ...... 62-98 6 28.2-28.9 5
Crassostrea virginfea._. .. ..., 20-017 6 26.0-28.0 7
° Brachidontes exustua. ... . ... 822 25 24.5-27.5 13
STATION | ] 2 4 B [ T & hd ) Chione cancellala,. . .v... i 18-40 n 27.0-28.5 19
Salinity profiles, Auwgust 2, 13, 27, and Decapods: "
September 11, Newport River, 1955, (Hurrieane Connie ls“alwl'e"l hﬂb':: ----- o 2'::9 l: i;-‘;gi_ : g
passed on August 12, and Diane, on August 17.) Cltoparius it er 1| = 2 26.026.5 5
Pagurus longiearpus.. ... ... -_— 18 22.8-26.2 9
Echinoderms: '
Asterias forbesi. . 55-120 4 23.5-26.0 17
! Arbacia punctulata. ves 47 2 27.528.7 19
Lytcehinus rariegatus. ... ... 48 B 27.5-98.7 23

* 16 specimens in H, 16, and 18 o/oc dilytions.

Fig. 23A Salinity tolerances in the field and laboratory at Beaufort,
North Carolina (Wells, 1961).
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ECHIUROIDEA

TIDEFLAT

MIDDLE SLOUGH

MAIN STREAM

ECHIURUS ECHIURUS ALASKENSIS
ANNELIDA

OLIGOCHAETA { MICRODRILE)

ARENICOLA PUSILLA

NEPHYTES CAECA

NEREIS SP

CHEILONEREIS SP
ARTHROPODA

DETONELLA PAPILLICORNIS.

NEOSPHAEROMA OREGONENSIS

IDOTHEA WOSNESENSK!
 GAMMARIDAE

HEMIGRAPSUS OREGONENSIS

PAGURUS SP

BALANUS SP.

CHELONETHIDA

EPHEMEROPTERA - IRON SP

PLECOPTERA - CHLOROPERLIDAE
MOLLUSCA

MYTILUS EDULIS

MACOMA NASUTA

MACOMA BALTHICA

CLINOCARDIUM NUTTALLI

PROTOTHACA LACINIATA

SAXIDOMUS GIGANTEUS

MYA TRUNCATA

ACMAEA 5P

LITTORINA SP
ECHINODERMATA

ASTERIAS 5P
VERTEBRATA

ANOPLARCHUS PURPURESCENS

PHOLIS LAETUS

L 1 1 1 i L.

111 n

L

ol 97 5 3
TIDE LEVEL (FEET)

. | S S
oHn 9 7 5 3

--Distribution of organisms by tde level, Olsen Creek dralnage, 1961,
Fig, 23B. Adaptations to tidal position and salinity range in Alaska
(Helle, Williamson, and Barcly, 1964).
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A. Naturally Stressed Systems of Wide Latitudinsl Range

First consider those types of systems which are mainly organized around
high energy stresses and which have less adaptations with latitude as discussed
in the theoretical section, By and large these types are more difficult to
injure permanently because their structure is already adapted to energy stress
and the high energies serve to disperse and process wastes,

Rocky Sea Fromt (A-1)

Rocky sea fronts occur on east and west coasts, Alaska, and Hawaii where
glacial action, lava flows, or other geological action has left hard bare rocks
at the shore receiving the pounding of open surf. In more northern latitudes
rocky fronts are more important because of thescouring of glacial ice in earlier
times and partly because of heavy wave energies that winnow away the deposit of
beach sands, Because of the great range of tides in the north temperate zones,
breaking waves cover a broader zone, and in northern climates summer heating
stress is less on these rocks, For these reasons the characteristic distribution
of algae and attached animals is better developed. With the sharp pulse of the
season, surviving populations develop storage in animal and plant masses that last
several years. The heavy brown algae carry on photosynthetic food making while
exposed in air as well as in water, The mussels by their filter feeding of micro-
scopic matter collect and mineralize plankton and detritus, releasing inorganic
nutrients among the mats of algae. The algal production in turn is released back
to the waters supporting plankton. Thus, the intertidal system is coupled to the
estuarine waters, being a subsystem of the latter, Because of the recession of
the tides, many kinds of marine grazers and carnivores are limited in access and
large stocks of mussels and brown algae coat the rocks,

Although best developed on the rocks of Maine or Southern Alaska the system
of algae and attached filter feeding animals is also found on rocks where they
occur in jetties in Gulf States and on lava flows in heavy surf of Hawaii. 1In
southern latitudes, the seasonal pulse and stress is less, tides are less and
intertidal heating is greater, . Animals have more rapid turnovers and are generally
smaller and have less storage as related to seasonality.

High Energy Beaches (A-2)

South of Cape Cod on the east or Puget Sound on the west, sandy beaches
become the most common coastal system on the front shoreline which receives
breaking waves, Sand grain sizes are self-organizing in dependance on the energy
of the waves. Surging waters are received, filtered, and returned to the sea.
Very characteristic burrowing Hippa crabs, Donax clams and interstitial cosmo-
politan beach fauna participate in the massive sand filter in the processof
filtering organic matter. The beach line provides organization to passing
water masses and serves many reproductive cycles in which eggs are deposited
at the beach. The chargcteristic long shore current supports many migrations,
The sand may be quartz.dominated along the main continent, of dark volcanic minerals
near lava flows, or calcareous where terrigenous supply is low and available
hard matter is from coral reefs or other calcareous substrates that increase
towards the tropics, High energy beach systems are similar at all latitudes
(compare animals in beaches from different latitudes in Fig, 26 ), butthexre are
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variations. At the northern boundaries of the United States and southern Candda
and Alaska, the winter stress on the beaches due to high wave energies and cold
eliminate much of the biota, but just seaward in the surf zone and exposed at

low tides are surf clams on both coasts, Of all the systems receiving pollutions
of surface floating wastes, the beaches are most affected although the capacity of
a high energy beach for processing and mineralizing wastes is also large. Where
wave energies are somewhat less additional species such as sand dollars become
important and latitudinal differentiation appears,

High Vélocity Channels (A-3)

Especially in northern waters of Maine, Washington and southern Alaska where

large tidal waves are absorbed in archipelagos and inlets with deep channels,

some characteristic ecological patterns develop on the current scoured bottoms and
in the highly turbulent plankton waters. Even though the salinities are high and
waters much like the open sea in character, the absorption of the energy of the
world tidal wave into 10 to 20 knots tidal currents provides a special energy
source and a stress. The same system also occurs in a few places in lower
latitudes where there are inlets and converging waters as at Aransas Pass inlet

in Texas. The scoured bottoms develop reef-like growths of encrusting animals and
plants. Estuarine plankton associations, not characteristic of the open sea,
develop in the moving waters, With food transported in abundance to any organisms
that can hold on, the density of attached life is large although not diverse. The
large eddies in the channel waters support microscopic phytoplankton of large
individual size, The eddies and effects of the earth's rotation produce gyrals
and other means by which floating and swimming animals and plants can slide back
. and forth with the waters. Adaptative hehavior also permits populations to develop
"within the zone, with reproduction balancing losses, The great turbulence permits
little opportunity for phenomena of stagnant waters to develop. Aeration rates are
high because of the rapid removal and stirring downward of surface waters. The
high current velocity channels are often between ecological systems of much greater
diversity seaward and landward. The stress at the zome of contact may produce low
diversity. Wherxeas zones of contact of resting ecological system types on land
sometimes augment variety of components, the reverse is the pattern in these high
velocity channels.

Qscillating,Temperature Channels (A=4)

The widely oscillating temperature system is well represented by the Cape
Cod Canal connecting coldwaters of the Gulf of Maine to the warmer coastal waters
of southern New England., With large tides on the north, tidal currents in the
sea level canal surge back and forth shifting the temperature twenty to forty
degrees daily, and providing enormous stressto organisms that normally are
delicately tuned to provide optimum metabolic processing for effective work at
the temperature of their customary existence. Although such widely shifting
temperatures are not common, they hold great interest in our interpretation of the
workings of estuaries, The canal provides an advance look at the kinds of phenomena
that may become much more common with the operation of nuclear power plants, Their
output of large volumes of hot water may eddy and oscillate into the estuaries some-
what in the manner of the Cape Cod Canal, Also, the channel has some similarities
with the proposed sea level canal in Panama where cold upwelling waters of high tidal
range in the bay of Panama to the south will be surging in a sea level canal and
alternating with warm Caribbean waters of the type that support Coral reefs,
As already mentioned in our



preliminary discussion, stress reduces diversity, and in the Cape Cod 65
example there is a very low diversity system, including the stress-resistant
algae Ulva and some tunicates and bryczoa, mach less than {that in tae

. marine waters at either end. Sysiemstists have imagined great invasions

of faunas spreading through such a chennel, but this example suggests the

mixing channel mey be a berrier, slthough the stress of oscillating waters

may develop stressed zones near the mouth in which faunas of the side with

most stress may be most - compatlble.

Sedimentery Deltas (A-5)

When great rivers carrying heavy sediment loads reach the sea they
deposit sediment so fast that a specisl environmental condition is created
with some features ‘of stress, and a characteristic ecosystem results, One
special energy stress is the simple dowvmhill fall of sediment. If the
river has been in position for very long it may have filled its bay and
built a fan of sediment. out into the ocean as does the Mississippil, the
Altamshsa of Gecrgia, the Brazos of Texas, or the Yukon of Alaska.
AccompanyJLg the river flow are varying discharges so that the delta waters
are frequently stressed with sharp oscilletions of high end low salinity
as well as by the stress of blanketing silts. Although organic matter
usable as biologicel fuels ere incoming in the river waters, substrates
upcn which t0 suppcert filter type animals may be quickly covered. Heavy
turbidities shade out sun_light capsble of supporting phytoplankton, at
least until the plume of water slows down, drops some sediment, and becomes
a lens of low salinity water further out on the sea. The zone of heavy
sedimentation is as mch a property of the  inflowing water as of its
own indigenous processes. Mich organic matter gets covered over too fast for
consunption, and mineralization is not efficient by the community or organisms
with little diversity and specialization. These systems are among those
now receiving the most wastes, which if not readily sbsorbed or decomposed
in the sedimentatlion mey remain in the waters moving laterally to stress
other systems. As one moves sway from the zones of meximum stress other
subsystems occur such as oligohaline water systems,oyster reefs, wmarshes,
and clam beds. The main delta depcsition itself is dominated by peo-
logical processes , colloidal actions on clay, and microbial actlon.

Hypersaline Lagoons (A-6)

Where sea water flows into shallow lagoons in climates with more
evdporation than runoff, salinities rise and briny conditions develop.
High selinities require special sdaptations by organisms in control of
permeability and kidney actions. Diversities diminish and highly character-
istle systems develop with a few species of phytoplankton, zooplankton,
claps and fish in waters above 50 parts per thousand. Above 100 perts per
thousand, there is mainly a system associated with Brine Shrimp. In gen-
eral evaporite climates occur mainly in the sub~tropics in the U. S. repre-
sented by south Florida keys apd south Texas, Small areas are also
found in tropical zones as on the lee of trade winds on islands such as
Puerto Rico and Hawaii. Vherever the briny lagoon develops, its faunas
are characteristic even in tenmperate zones where cold seasons interrupt
processes. Natural briny conditions are often associated with high turbidities
that are associated with poorly vegetated surrounding lands and flash flood
run~offs. High organic levels also develop because of the generally poor
efficlency of the simple system in processing organic food chains within the
orgaenisms. Briny lagoons have low oxygen storage capacity and being enclosed
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may be readily disturbed by wastes and other processes. A special domesti-
cated version of the natural briny lagecon is the salina considered in this
report as a man-dominated system.

Blue-Green Algal Mats (A-7)

Apparently occurring whenever marine waters are very shallow, a few
inches in depth or less are the blue-green algal mats that form blue-green
carpets of mlcroscoplc interwoven 11v1ng threads over which winds wash waters
that have 10 to 30° C diurnal temperature range, large salinity variations
with rain and evaporation, and almost anaerobic conditions of oxygen content

at night, contrastlng with daytlme supersaturation. Vast sheets develop in
south Texas and in local areas in other states. The system has a few species
of blue-green algae, water bugs, brine top minnows that can gulp air, and
micro-organisms. The natural system makes food photosynthetlcally more
easily than it consumes it and much organic matter is left in the sediments,
The system occurs in small extent as the uppermost band in the splash zone
of rocky sea fronts. -The mat system is also characteristic of many kinds of
man-dominated waste systems. This is an example of the principle stated in
the introduction. Systems adapted to natural stresses are often preadapted
for invading man-stressed systems.

B. Natural Tropical Ecosystems

The characteristically tropical ecosystems are those with low energy
stress of salinity, temperature, or other factors so that much energy of '
special adaptation goes into diversity and organizational behavior. These
systems have many species, much chemical diversity in the many spec1es ani-
mals that perform complex programs in their life histories and service to the
system, and bright colors associated with these programs. Low temperatures
and sharp seasonal programs are not required although specialists have species
life cycles on seasonal schedules. We consider these in order of the proxi-
mity to shore. The tropical systems have members which serve actively in
cutting back the development of alternative systems. Thus fishes of reef
habitats tend to graze back meadows that might otherwise be prominent.

Mangroves (B-1)

Mangroves are marine-based forests which have special adapta-
tions for roots in salt water, and in anaerobic muds. Some species
cleanly separate freshwater from salt, after which the freshwater is
transpired through their leaves as part of the drive for the system. Com-
plex branching roots support a great diversity of marine animals and the
crowns carry many terrestrial animals. In some parts of the world near
great rivers or near great tidal shifts as in southern Panama the mangroves
receive much salinity stres and their associations are not so diversified.
In parts of southern Florida, in Puerto Rico, and in zones of Hawaii where
mangroves were only recently introduced, tides and river shocks are less.
The upstream damming of the "rivers of grass'' of the everglades has increa-
sed the role of the mangroves in the thousand islands of the lower Southwest
coast where once freshwater discharges were larger and more erratic. Man-
groves find their northward boundary with killing frost in Florida and Texas.
' The mangrove system controls sedimentation, and is a hurricane protection to
some coasts. Mangrove systems return to the water organic nutrients of
special character producing special plankton associations,



including luminescent and brovm waters. Mangrove foregts are used for 67
forestry purposes but may have higher value in coastal protection and
buffer purposes. Mangroves are recelving westes in Puerto Rico.

Tropical Inshore Plankton (B-L)

Because most plankton studies have been made in translent con-
ditions in laboratories or in the strongly pulsing seasons of the temper-
ate and Arctic regilons, and because the high metabolic rates per gram and
small storages in plankton give them rapid turnover times, plankton
systems are often regarded as inherently unstable. In meny tropical bays
on dry coasts where they are not shocked with varying runoff conditions,
enclosed bays develop highly diversified, indigenous, and very stable
plankton populations.

The phosphorescent bay of Puerto Rico is a famous example where
the steady light of a .dinoflsgellate phytoplankton spscies and its associated
zooplankton have been continuously examined for many yeesrs,. with only an
occasional interruption as with high tides of passing hurrilcanes. There are
special nutrient requirements of specislized tropical phytoplankion which
explains some of the means for diversification. Thus organic nutrients are
important in such phenomena as red tides, in inputs from mengrove swamps,
and the movements of larger fishes. The shapes of bays and tidal exchange
rates are importent to maintaining correct nutrient media. OFf all the
tropleel systems these may be most sensitive to disturbance by turbidities
enrichments, or modification of navigation channels.

Coral Reefs (B-2)

Long heralded as the most diverse, most highly organized, and
aesthetlically the most pleasing of all ecosystems, the coral reefs occur
in waters of bright sunlight, and uniform salinity and temperature, and
noderate wave energy and current. A coral reef is mede up of animels that
form skeletons of self-rade limestone and that incorporate microscopie
photosynthetic plant cells borne on and within the tissues of the animals
and rock structures in intricate symbiocsis. Coral reefs are best developed
Iin the U. S. areas In trust territories of Pacific islands, but small and
beautifully diverse examples occur in Puerto Ricos Somewhat less developed
reefs are found in the cooler waters of Hawall and on the Gulf stream margin
of the Florids keys where an underwater Natioral Park provides protection.

As reasoned in owr introduction, the lack of stress leaves mch
energy for a variety of conmbinations and diversifications. One result of
having more variety of species with special adaptations is more varlety of
systems. Within the genersl category of coral reef there is greater '
varlety than in other systems categories vhere possible permutations are less.

Because coral. reefs are dependant on moving waters and on bright
light, they are very succeptible to destruction by turbidity shading either
from dredging or from microbisl turbidity that may accompany nutrient fer-
tilization. Although general features of coral reefs are readily described
because of the great variety, there is less order and predictability avail-
able about the details of coral reef management. There is & large literature
on classification of coral reefs, most of it pgsed on areas outside of the
United States.
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The limestone substrates serve as a kind of soll and most of the
animals heve some neans of eating limestone substrate for regenerative
purposes. ‘These adaptations Lold the recef sirorg in relation to current and
wave end may be essential to the prevalence of the coral reef over some
more inshore types.

Tropical Meadows (B-3)

In tropicel coastal waters where there are soft sediments and usually
in slightly deeper water than are the coral reefs, one finds the underwater
meadows of turtle grass and other plants. The broad expanses of green mea-
dows of vascular plants and benthic algae support & very high rate of
production that is alded by the currents that accompany this ecological
system. There are meny bottom animels in these grasses including filter
feeders that work towards malntaining plankton too dilute to be a shading .
competitor. In full tropical form the tropical turtlegrass beds resemble
the temperate eelgrass but are much more diverse, have little of the sharp
seasonal cycling, and often develop vhite sediments because of the pre-
dominance of calcium carbonate precipitating animals like sea cucumber and
vrchins maintained in the grass system. At its more northern zones in
Texas the turtle grass beds resemble the eel grass more.

Blue Water Coasts (B-5)

The deep blue waters of tropical seas have a characteristic pattern
of deep light penetration, sparse plankton=based food chains associated
with a generally low nutrient availability, and soie fast recycling of
nutrients by tiny cells and meny diverse specialists among the animals.
Blue tropical waters of this type bathe the Hawaiian Islands, Puerto Rico
and the southeast coast of Florida in the Gulf Stream. The blue water
system has the stress of vertical mixing and low nutrient problems but
has little stress in temperature and salinlty or other ranges. Such waters
become the province of this suwmmary of coastal systems where lands drop
off steeply into the sea and blue water flows along the shore. Except for
the special condition of low concentrations of nutrients, the blue waters
have less stress than most plankton waters. With deep mixing, there are
adaptive problems of maintaining plankton within the light zones. Although
sparse in mass, the small plankton are in vast diversity with meny shifting
combinations possibly forming delicate adaptations to slight differences
in conditions of these tropical waters. The low nutrient character makes
these systems very sensitive to change by wastes. Fairly clear green
watérs from the opeidl seas bathe other portions of the Unlted States at
other latitudes, but the plankton populations there are seasonally programmed,
and different in chearacter, . -
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Natural Temperate Ecosystems

Between the latitude in Alaska where winter ice phenomena are important
and the latitude of southernmost Florida, south of which seasonal changes in
light and temperature become less important, are the natural temperate eco-
logical systems which include the best studied estuaries and shores of the
east and west coasts of the United States, Natural temperate systems are
characterized by a she~p seasonal pulse in both light energy and temperature,
requiring adaptations for control of metabolic rates. The range of the
pulse is greater as one goes northward to Maine and Southern Alaska.
Characteristic of such estuaries are the blooms of plant activity in the
spring with maximum photosynthetic production in the summer, A food source
is the considerable organic matter which runs into the estuaries from the
rivers, and this flow also has a maximum on both east and west coast of the
United States in spring and early summer because of the seasonal excess of
rainfall over evaporation reaching its maximum then. Thus for two reasons
the pulse of food available to estuarine ecological systems usually has a
surge upward in spring and early summer,

There are many subsystems of interest and importance such as intertidal
zones, shallow plant bottoms, oyster reefs and clam~-worm flats, that live off
import of food in passing water and estuaries that are plankton dominated.
The basis for each temperate system of our classification is discussed next,

Tidepools (¢-1)

Where the spray of breaking waves and high tides elevate water up into
irregular, rocky sea fronts, water circulation is maintained in perched tide
pools in which small and often beautiful communities develop that have great
asthetic value in the coastal economies related to recreation and the edu-
cation of school children, The high and little varying salinities of the
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cool waters flushing these pools previde a steady medlum especially in those
areas with much coastal cloudiness es in the Pacific Northwest and in Maine.
In more southern locations with lssgs tidal range, less wave spray and higher
tenperatures, daily bezting provides more stress especially of wide daily
temperature ranges. Where stress is not large, however, the large, colorful,
and delicate starfishes, anemores, worus, and other animals form complex
animal cities. These coastal systems develop slowly, are readily destroyed
by pollutions or excessive collecting. They gerve as coastal indicators of
the quality of the waters bathing the shores. The tide pool systems are
restricted to the thin line of surf where rocky substrates are sultable.

In the grand perspective of America's resources, the tide pools have valuves
as wilderness zcnes for national park-type usage. Their complexity provides
to the continental United States the type of diverse systems one associates
with the stable tropical regimes in which basic studies of organization and
behavior are possible. Theorists are now relating these kinds of studies to
the general problems of behavior, structure, and maintenance of the urban
citles. Some tide-pcol tracts are thus needed In the research programs that
vltimately concern ‘the principles of stabilization of our socilety for which
suggestions as to special mechanisms are drawn from ancient examples of the
" sea margin.

Bird and Memmel Islands (C-2)

In some aress where there are large ranges in the pulse of the sea's
coastal productivity there are colonies of birds and marine mammals that
concentrate in dense rockeries on iscolated islands or rocks there providing
for safety of young. The animals during their summer occupy a subsystem
with gome of the same rcle in the coastal systems &8 migrating fish, sccele-
rating food gathering in summer, drawing large energlss from the sea at the
time excess energies develop. As the productivity system declines in autumn,
the young birds grow up and fly away, distributing their energy demands south-
ward. The bird island with its foraging operations many miles in all directions
is part of the regulaticn system of the coastal system. The large flying
birde serve as nutrient concentrators, and locally the rookery locations
have extreme. concentrations of nutrient fertilizer which may go back into
plant growth systems either of nature or man. The quantitative magnitudes
of these cycles are only now being calculated relative to their supporting
system. The bird islands may not only be of aesthetic values in human
coastal recreation but important and as yet, little understood in service .
as a control agent to prevent localized over-concentrations of smaller
crustacea and fish populations. In the migration of birds and mammals
equatorward in winter and back northward in summer there are the means by
which there 1s coordination of the winole biological economy of the hemi-
sphere. The problem of preservation and maintensnce of this system of
stabilization for wide areas of the coastal and offshore seas usually
involves special consideration of the summer rookery sites. The ability
of these consumers to swiitch to whatever 1s in excess makes this role
possible., The question of pesticilde concentration in this system is now
under scrutiny. .

-

Landlocked Sea Waters (C-3)

Mainly outside the scope of a coastal classification are the landlocked
sea waters which can receive marine organisms physiologically, but being sepa~-
rated from population pressures, from the estuarine to open sea migratioms,
seasonal nursery pulse, and tide tend-to develop ecosystems with some fresh-
water affinities and many organisms from'salty lakes. These waters are mentioned
as a source of information on the canséquences of cutting off estuaries from
the sea.
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Oyster Reefs (C=5)

Wherever there are strong current systems bringing suspended material
that may serve as food, filter feeding animals may concentrate into dense,
exposed cities protected ty hard masses of their skeletons. The reefs
built by varicus species of oysters are the most common types, but reefs
of animal conswuers also include great sheets of mussels, serpulid worms
and other animals. Oyster reefs are consumers requiring organic food in
' particulate form. The condltions for consumer reefs are very different
from coral reefs that are mainly based on their use of light in photo-
synthetic food production within their tissues. Oyster reefs develop in
the intske pipes of industrial plants that use salt water for cooling,
on bars where waters circulate in estuaries, on the sides of rocks, on
pilings, or on bottoms of ships. Because of their concentration of life
. and structure the reefs have been of great importance as food for man,
and the shells have become important in calcium carbonate industries such
as road building and concrete manufacture. The management of oyster
reefs has qpt always been made with the understanding that the reef
is based on the continuous circulation of a much larger area of
water than that over the reef itself. The planktonic farm and the
organic matter from rivers that contribute support to the reef are
large in volume. The foods dispersed in a bay are controlling the
amounts of reefs. One cannot manage a bay for oysters without managing
the inputs of suspended foods and the release by oysters of minerals that
return to the plankton as a necessary step for growing more food for the
oysters.

Because oysters are built with shells, have wide salinity tole-
rance, and abilities to suspend operations for long veriods, they are
adapted to great variations in water level, salinity and temperature in the
river mouth estuaries or in the intertidal zones. Where stresses are less,
more diverse communities replace the oysters, doirg so by spread of drilling
snailgs and action of dlseases that eliminate the oysters, as the condi -
tions become stableenough for the competing communities. Although the
diseases and carnivores are often the agents of replacement of oysters by
more diverse ecosystems-in the course of a season or in year to year changes,
the ultimate causes are related to the changes in regime that allow .more
stable, higher salinites and more uaiform temperature conditions that foster
the complex systems.

The menagement of oyster reefs has to be related to the programming of
river control, towards maintaining oscillations, and insuring adequate
volumes of suspended food particles. Leasing bottoms may not be enough to
provide good management, unless the whole bay system is leased and managed
‘as it is now done in a few states.

Salt water mussels form enormous reefs especially in northern latitudes
where they hang on the rocky substrates. Since they form rigid structural
mats of animals, they too are consumer reefs., Among the most interesting
of ancient geological records are those left by ancient consumer reefs that
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begin now to yield their informecion sbout ancient estuaries as we learn how
to interpret the whole estuarine systers interactions from the nature of the
fossil reef subsystenm.

Marshes (C-k)

Where there are broad intertidal flats of soft sediment not too strongly
stressed with waves and winter cold, grassy marshes develop in the estuarine
salt waters that flood the grass usually twice a day leaving the systems
standing free in air part of the day. With green vegetation out of the water,
but with roots in wet rich sediment, marshes are among the most productive of
organic matter of all systems., The alternating tidal exposure does have some
aspects of stress requiring special adaptations. Marsh grass and the animal
populations of oysters, snails, and fiddler crabs are capable of maintaining
both submerged and emergent existence.

Many special adaptations exist in the marsh. For example, some tiny
microscoplic distoms burrow into the mud when the tide is in and then surface
on the mud during outgoing tide there receiving light for their photosynthesis.
The phenomenonturns black mud a golden brown within minutes as the cells emerge.

The marshes have been shown to export much plant matter to the estuarine
waters where slow decomposition begins after which the soup of organic food
supports much of the food chains. Consumption by clams, oysters, and shrimp
remineraslizes the fertilizer elements which are released to the marsh grass
completing the cycle, Recognized now by a court decision in Massachusetts,
the marsh is an inherent and necessary part of many estuarine ecosystems.
Removal of the marsh would be tantamount to removing the most productive
part of the farms from a system of farms and cities. Marshes increase in
importance southward in the United States because the coastlines of inter-
mediate tide and wave energy and other factors of geologlcal history develop
broad sedimentary platforms. Winter stress on intertidal zones is also less
and although the tops die back in winter, the root systems are available for
a fast spring growth. With their productive structures above the water,
these systems may have more capability for survival under some waste stresses
and thus may bave more capaclty to serve as self-purification than some
other systems that are dependant on clear water or are not already adapted
to some stress. The patterns of two main types of grass Spartina and Juncus
are almeost universal on the east coast. A Salicornia predominance exists
in many west coast marshes, most of which are relatively small in extent.

In the ice stressed estuaries of Alaska some other types develop.

Worm end Clam Flats {(«6)

Animals that provide for their security by burrowing in flat areas of
sand and mud may predominate the area and develop characteristic subsystems
based meinly on the particles of food thet pass by and are then filtered.
These flats may be intertidal or permanently submerged. Like the oyster
reefs they are usually dependent on the food in water of a much larger support
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area that passes over the flat and is then filtered by the clams and WOITS »

In our classification, we mey find Mya and other ¢tlams in two places;

one as a clam flat subsystef when considered alone, or as one component of
the deeper estuarine systems in which the bottém iZ_ a contributor but

not domlnapt. Some microscopic plant contribution to food may come from

the flats themselves when they are close to the surface receiving considereble
sunlight, but they are too stressed for benthic plants of larger size. The
comme rcial Nereid worm flats in Maine may be of this type.

Clams w1th long 1nput-output siphons such.as an arenaria are especially
adapted to the intertidal zones which have temporary surface stress. Thus
the Mya predominate in northern flats that have strong freezing winter winds
between tides. Deep siphoned clams are also found in very shallow mudflats
of Texas, where the surface muds become very hot for a few hours, but the .
deeper muds remain cool. Long siphon surf clams Spisula,are part of the
subtidal beach zone system where the long siphons allow the clam to live
below the zone of greatest sand disturbance and thus to avoid being un-
earthed and broken. Mya with ability to take salinity stress also is.-
characteristic of the oligohaline zones.

In southern regions the oligobaline zone is partly dominated by Rangia
which lies on top of the mud in enormous numbers, its protection from an
extremely heavy cdlcium carbonate shell instead of from a thin shell and
a long siphon. These two species occur in enormous numbers and are a major re-
source, Adaptations to respire without water pumping are part of the special
requirements of the intertidal flats. The big worms carry haemoglobln and

~the clams have means for use of oxygen in air.

In the extrerely stressed intertidal zcnes of the north or of the upper
estuaries low diversity populations are almost entirely of one or two speciles.
In the more stable high salinities of coastal waters further from river
surges, the diversity overall is large but there may be local beds of one
species, a specialization phenomenon discusseéd in the introduction.

Because the filter feeding clams are related to the nature of the
passing planktonic food or detritus and also have adaptations that reflect
special stresses, they may be used as indices to classify estuaries of which
the clam beds may be only a subsystem.

Eelgrass and Benthic Algal Bottoms, Shallow Salt Ponds (C-7)

In shallow waters with good current, where salinities ave high and
little stressed with river surges o light-absorbing turbidities, a bottom
system of dense bottom vegetation develops with blades of grassy eel-
grass or bottom algae of massive type. The heavy beds of underwater
vegetation wave and weave in water currents providing scme of the Highest
known photosynthetic food production situations in the sea., The currents
assure necessary nutrient inflow and waste removal from the blades. The
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assoclation of gnimals and mjcro-g*ganL"mb is complex and veried as cne
expects when energy. input budgets are high and when stresses are small,
Eelgrass beds are fouud the world aroand, being important on both coasts and
Alaska. Differences exist with sume substitutions of fauna in niche roles.
In Alaeska, for example, herring deposit eggs on the eelgrass, and their
larvae may shelter in the eelgrass beds, whereas the safety of herring
reproduction on the east coast is insured with schooling behavior and the
return flows of larvae of coastal gyrals.

On the east coast there was a widespread demise of eelgrass beds in
which a fungus disease was implicated thirty years ago, but in the last 15
years it has been coming back and is often again & major system or subsystem.
The disappearance did not take place on the west coast even though the
disease organisms have been shown to be present in the beds. Many scientists
belleve the disease agent was not the primary cause of stress that allowed
the eelgrass to be replaced, although it may have been the agent which went
into epidemic state when the conditions for effective eelgrass were stressed.
One possibility is the increase of turbidity of estuaries associated with the
cutting of eestern forest, poor agricultural practice and scil erosion, which
may have reached its peak at the time of the economic depression, the time
of the eelgrass die Dback.

As pointed out by Nelson Marshall most eelgrass 1s accompanied by some
clams or filter feeders (such as bay scallops) that may have an important role
in clearing the turbidities from the waters so that high production of the
grass can support a large microbial population decomposing the grass and in
turn supporting a high density of filter feeders. Heavy benthic grass
beds In upper estuaries have freshwater plants like Valisneria, and in the
Gulf regions the eelgrass beds are replaced with more tropical plant domi-
nants like Thalassia although the general characteristics of the complex
essociation of animals in the beds are more those of the eelgrass than that
of the tropical grassy meadows. This may be related to the sharp seasonal
program that exists 1n the productivity system in the Gulf requiring animals
with strong seasonal programming.

The benthic plant systems occur in isolated shallow bars in deeper turbid
bays, as continuous communities in channels, and as the main pattern in salt
ponda(as in southern New England) in which the inflow and outflow of tidal
waters organize the patterns around the fan of spreading tidal distributaries.

Oligohaline Systems (C-8)

Studies the world over bave shown that the minimum diversity of species
is found in river estuaries in the zones where the salt ranges from freghe
water to a few parts per thousend. It is not this particular salinity that is
the species restricting stress, for there are special estuaries of this
salinity in Florida and elsewhere in which the waters are spring fed and
very steady. In these estuaries great diversity does develop with complex
mixtures of animals one might otherwise regard as marine and animals one
regrdsas freshwater types. In the usual estuary the 0.5 to 8 partsper
thousand range is the zone where there is the most fluctuation of irregular
surges of river water during high rains followed by surges of salt water
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back during exceptional tides and low river discharge. In northern latl-
tudes there is the additional stress of very different land runoff tempera-
ture contrasting with less varisble marine waters. The oligohaline regimes
thus are fluctuating regimes with crnly a few species of plants and animals.
Clam bed and subsystems are usually important. The deep digging Mya clam
dominates in the north and the heavy shelled Rangia dominates the oligohaline
zones to the south. In a state like Louisiana with predcminant phenomena of
the large river discharge of the Mississippi the oligohaline regime is the
main estuarine phencmenon and Rangia clams are the main animals inshore

from the better known oyster reefs, the latter marking the seaward margin of
the oligohaline zone as we define it. The oligohaline regime has some
freshwater and some marine fishes participating especially during temporary
period of salinity stability. ' ’

Medjum Salinity Plankton Estuary (C-9) Also Mixed Salinity Plankton Estuary

The image most people s=ze when one says "estuary" is the medium sa-
linity, moderate depth bay, which has much fishing but not much visible
evidence of anything else, The bays draw support from food chains of in-
visible microscopic plankton supporting the characteristic populations of
crabs, fish, and commercial shrimp; Many of our largest estuaries are pre-’
" deminantly of this type although they are often fringed and bordered by
smaller subsystems of other types. High nutrient levels and good stirring
mechanisms generally produce high photosynthetic rates wherever clarity of
water is maintained although it is. less than in systems like the marshes
‘that have less water to absorb light. '

In winter, with low light, and well stirred waters due to tidal shifting
and some turbidity from rivers, the plant cells spend too much time in the
shade and stop making much food. 1In the spring as light conditions increase,
" the critical condition at which the plant cells can make a net gain is
reached and there is a sudden bloom of scme of the diatoms that sets off the
seasonal production sequence. During the winter there is organic par-
ticulate food remaining from the previous season, from marshes, from rivers,
and other storages that keep some of the animal life going. With the rising
- burst of plankton growth there are some releases of larvae from clams,
oysters and barnacles, and little water-flea-sized copepods develop.

Acartia predominates this system throughout the east coast, Middle salinity
examples documented on the West coast with Acartia copepods include the Yaquina
(Frolander, 1964), the Sacramento -San Joaquin Estuary (Kelley, 1966), and others. Re-
productions und migrations ot shrimp and fishes that eat the zooplankton

are timed to coincide with the increased ylelds of these small components

80 that the rise in stocks and consumption takes the rising production, most

of which is entirely invisible to the man in the boat above unless he
measures the phytoplankton, some index of its activity such as oxygen pro-
duction, pulls a zooplenkton net, or has some way to estimate the rising
stocks of fishes and shrimp. The middle salinity estuary has species with
some abillty in their kidney systems to deal with salinity fluctuation,

some ability to switch food intake from organic matter to plant plankton

base, and an effective temporal program for migration and reproduction so as
to hook the need for more food to the timing of appearance of more food.
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Whereas the bottom clamsend the special subsystems of the bay mergins
are contributors, the main system is one of plankton and plankton eaters.
As the sunlight begins to decline after July, the population growth and
reproduction declines and soon many populations migrate out again decreasing
their load.

Because the socurce of energy of this system i1s in microscopic plant
plankton, from invisible organic contributions from the rivers that support
bacteria as intermediates, and from energetic services of tidal currents,
rarely do persons not trained in marine science understand the basis for
this system and its management. The food chain is out of sight and thus
out of mind. The need for maintaining effective plankton populations is not
understood by the untrained resource manager. Since all the speciés draw
from some of the same energy pools, rises in or falls in one species must
be accompanied by compensating changes in others. This system like the
others must be menaged as a whole, not species by species or with commercial
fish separate from sports considerations, ete.

The medium salinity estuaries often have partial stratification with
wedges of dense salt water underneath. In systems allocated to this type,
mixing is adegquate to prevent anerobic conditions from developing at the
bottom even though oxygen is less there since respiration is more at the
bottom of the estuary than in the top water. Estuaries tend to be deeper
as one goes north, but also  the amount of tidal energy available for
currents and mixing and eddy diffusion coefficients increasse,

Sheltered and Stratified Estuary (C=-10)

Most of the estuarine systems have strong tidal or wind-wave circulation
that serve the communities by doing necessary work of circulating materials:
moving the needed carbon dioxide and nutrients to the plants, needed Tfood
rarticles to the aniwals, needed surface oxygen to all concentrated sources
of consumption and decomposition dowh below, larvae from sources of répro-
duction to sources of larval feeding, animal populations from summer situations
to winter locations, etc. Stirring systems thus are used by adapted species
as auxiliary energy sources to do jobs they would have to do for themselves.
In the absence of the circulation they either survive in reduced numbers
or are replaced by slower operating species which can operate in the less
energetic situation by requiring less. The stirring curreats can also be a
source of stress when they move populations from places of support to
places where they are not adapted. FExperimental studies show that there
are optimum rates of circulation and that too much erergy leads to loss of
diversity and ability to develop as much production of living work.

Due to geological events in the formation of the estuarine margins,
some bays are sheltered from winds by being small or thin and croocked in
shape, so that winds cannot build up much wave action. If the bays also
have a shallow or narrow mouth large tidal flows cannot exchange much water
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into the bays and relatively stegnant estuaries develop, which may exhibit
‘the vertical stratification one associates with a fertile leke, a system
with an upper oxygenated layer end a low oxygen subsystem below dominated .
by a microbiological decomposition pool for at least part of the year.
There are not many of these systems but the ones that exist are of con=-
siderable importance in indicating what is possible when these kinds of
estuarine embayments are constructed. Many of man's actions in changing
circulations inadvertently, in dredging channels, in diking estuaries for
power or water storage, and for other purposes are making new systems of
this type. Stratified systems are much more sensitive to pollution effects
than the better mixed ones. A fiord is a narrow deep channel cut by &
glacier originally and now invaded by the sea. Fiords are one of the kirds
of basins which may have restricted circulation and stratified estuarine
type of phenomena. Some of the best data come from Canada and Norvway.

Kelp Beds (C-11)

At depths less than 100 feet seaward of the surfzone or in high salinity
embayments where there is some swell and clear water, giant browm algae grow
as verticalestanding, underwater forests that wave and lash with the sea
motion, supporting a productive plant production at the top and a very com-
plex and organized ecological system. Kelp systems have maximum.development
in cool waters of the west coast with Macrocystis. 1In the Atlantic Laminaria
fills the kelp zone, Chapman (1964) summarizes studies by F, T. Walker giving
weights and cover of these beds, Thisstudy is possibly pertinent to appraising -
the system in Maine. The kelp is cut and harvested commercially on the west coast.
In Maine the associated red alga Chondrus cris pus is harvested commercially.

The controversy developing about the effect of pollution or urchins on kelp
has led to many scientific studies and some experimental attempts to pro-
tect the beds by dropping flaked quicklime on urchins. Ecological con-
siderations at the ecosystem level mey not have been adequately considered
so far in this work. An inherent featurz of ths undisturbed kelp system

are large specialized fishes that are supported on well channeled food
pathways from the kelp, but which have the terndency to eat and remove those
menbers that are dangerous if too abundant in the kelp system such as
urchins. On the other hand urchins form a system with encrusting algae

and while supported by encrusting algae have a tendency to eliminate the kelp
systen by eating the bases so that the kelp stands float away. In effect
each productive system has special members it supports which exert nega-
tive and competitive actions on the other system in such a way as to favor
its own system. If pollution stresses the special fish consumers of the
kelp bed so as to eliminate their action, then the urchin systems may dis-
place 1t even though the waste action on the kelp plants is neutral or
stimulatory. As 1in so many other situations, stresses that work against

the control systems displace the large and complex system types in favor

of the simpler systems that rely on rapid replacement instead of organization.

The kelp beds have importance in their own beauty, as a system of
potentially greater harvest, in their contribution to coastal productivity,
and in their value to the understanding of competition of whole systems
through interaction of their top food chain animals on adjacent systems.
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Neutral Embayment and Shorewaters (C-12)

Washing the outer archipelagos of'Maine and Alaska, into the zones at
the mouths of some of the largest estuaries, and along zones of Florida
vhere there is little freshwater discharge are plankton waters of the
Neutral System.

In the Pritchard salinity classification, an estuary without river
inflow or without an excess of evaporation was saild to be neutral, one in
which a bay is filled with water exchanging with the open sea without
salinity change. Ueutral embayments and coastlines with steep fallwoff
have waters that move in from the sea without much modification except
that the waters have no longer the deepscattering layer migration and have
a bottom below. Also at the coast waters receive a different kind of
vertical stirring as tidal wave energies are absorbed among islands in
channels or reflect. off shores. The neutral system is a high salinity
plankton system that has more diversity than most estuarine systems, but
is dominated by recognizably different species. With clearer waters than
most estuaries, the photosynthetic zone is deeper, and variations in
salinity and temperature are less.

The neutral waters are close enough to be affected markedly by land
1nfluences such as waste outfalls should they develop. The neutral system
in such instance is readily transformed into a new type.

With more stability of temperature and salinity due to the depth and
sources from the open sea, neutral shorewaters vrobably have the highest
diversitles and complexity of componepts of coastal plankton systems of
. the temperate latitudes.

Whereas high diversities tend to favor little mass and yield of any
one component, the phenomenon of local species cities and the movement of
the ‘high pulse stocks of shrimp and migrating fishes of the estuaries back
into the high salinity zones, make commercial concentrations available
there too. The coupling of a stable salinity system to a pulsing one leads
to pulses in both.

The coastal neutral waters are also the zone of migration of coastal
fish migrations northward in the spring and early summer and back in the
fall, supported in the southward migration by the populations emerging
from the bays.  The neutral system is thus a giant switching system of
the network of food distribution and processing of the planetary migration
with estuarine system in which man's small trawlers participate.
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Natural Arctic Ecosystems

The coastal systems of the far northern letitudes receive heavy
stresses over much of the yeer from ice phencmena end recelve photo-
synthetic energies for only & short period in summer. With more light
end photosynthesis on land but more winter stress, much of the production
of the land is not processed there on the land but weshes into the sen
before processing. Ecologleel systems develcp in, on, and under ice and
in the fiords associated with the glaclers. Those systems of Alaske with
ice phenomena predominating their regimes are grouped Bs Arctio, The other
systems of scuthern Alacks ere variations on temperate systems slso found
further south. Those Alaskan fjlords without glaclers or glacler fed rivers
were classified with other neutral embayments.

 Glacisl Fiords(D-l)

Many of the glaclers of southern Alaska terminate in the estuaries
where they carvesmall and large blocks of ice and directly discherge
mach matter enclosed in and on the glacler. Waters are blue., Some features
of this situstion appsrently lead to large populations of marine animals
ot the base of the glacier, Meltwater tends to form a freshwater lens
over the top of the estusrine system, but the saltier waters below do not
ordinarily develop low oxygen because of the high tidal exchange that takes
place below the surface lens,

Turbid Outwash Fiords(D-2)

A different type of ecological system develops in fjords that recelve
turbid rivers from glacisl deposits where the glaciers end on land. Heavy
sediment loads affect the densitles of the inflowing meltwaters, which are
heavy enough to mix downward into the estuarire system producing a different
pattern of clrculation end exchange.

Tce Stressed Intertidal Zone (D-3)

In the Aretic and subArctic the intertidal zone 1s stressed by freezing
between tides where waters are ice free and by the thrust of sea ice, The
high energies of winter waves and tide from the Aleutlen center of c¢yclonic
low pressure pound the intertidel zone in winter on high tide, and strong
subfreezing winds stress the zone between tides meking impossible much
intertidal life through the winter, Summer condltions permit development
of algze end small sized pOpulations. On the north side of Alaska the sea
ice scours the coestline.

Sea Ice (D=%)

Sea ice harbors life., The freezing and melting of ice and snow develops
nutrient concentrations in and on which algsl blooms develop., Large memmals
nay also meke contribution. Algel assoclations are on the underside of
floating ice with interesting photosynthetie production in low light intensities,
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The ice provides a form of stabliity to its underside , including nearly
constant temperature end protections from wave action, wind stress, ete.

Under Ice Plankton System (D=5)

. In Avetic seas on the north and west side of Alasks covered for the most
part with sea ice, light 1s low in intensity and short in season, but
plankton populations do develop regular patterns and good chains, At low
temperatures orgenisms heve less thermal stress so that structure is easier
to maintain end under the ice there are fewer disruptions from waves and
changing regimes of wind and temperature. Characterlstic of these systems
are the lerge memm=ls among the ice floes, The cover of ice provides
gpeclal temptation for the disposal of wastes, discharging under the ice--
something like sweeping dust under the rug. With the further development
of Arctic industries such as those related to new petroleum discoveries, more
will have to be learned sboubt the ice-topped shallow plankton seas.

Emerging New Systems Associated with Man

At thie stage in clessification and study of emerging new complexes
of pattern associated with characteristic wastes asnd disturbances by men,
ve can inelude only those types thet have been studied encugh to identify
the presence of something new in pettern. No doubt the number of emergent
new waste types will grow with efforts to 1dentify them as well as with the
spreed of industriles,

Although the types of waste and disturbence, which are changing the
estuaries of America are of meny types, most of them appear together
in multiple waste channels. There are relatively few types other
then the multiple-waste estuary, Apparently decisions es to location of
- weste outfells by towns and industries have been much influenced by the
presence of other waste outlets. With passing patches of man's effluents
the mixtures might seem to be of endless variety. However, the alternating
shock of contrasting chemical solutions do develop scme common properties
of high stress and low diversity, even though different kinds are represented.

Sewage Waste (E-l)

The discherges of raw sewage &and the rich effluents from primary or
secondary treatments Inject high levels of organic matter and enormous
inereases 1n the trace nutrients required for phytoplankton photosynthesis.
The nutrient ratios of such elements 8s nitrogen and phosphorus in the
wastes of & city have some basic properties which very depending on the
industries using the seme effluent system, These westes tend to support
both producers and consumers of types different from the ummodified system.
The small red ennelid worms &t the end of ocean outfalls of sewage are one
charecteristic pattern, Although more attention has been peid to the survival
of disesse orgasnisms in affected estuaries than to the nature of the emergent
nev system, the growth of cities will tend to convert more and more estuaries
to a type of system compatible with these flows, Case histories already
studied produce bases for charascterizing these emergent systems,
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Seafood Wastes (E«2)

Wherever fish and shrimp are landed and processed for food there may be
wagtes from the processing which enrich local waters and
produce blooms and varying oxygnn conditions. Since the wastes represent
components from the sea, the return end decomposition represent the same
kind of processes that would have occurred without the food harvests
except thatthese releases are much more concentrated then the naturel
patterns and regenera*ive cycles much more 1rregular in discharge. -

Pesticides (E-}) .

The wide distribution of pesticides is well documented, but the kinds
of ecosystems one gets when the levels are relatively high is only now
being learned although some. extrapolations of leboratory data cen be made to
predict the system. Most of the case histories avalleble show disturbance
of a system, but not as yet are there cases where the effect so dominates
the system as to change its main characteristics,

Dredging Spoil (E-l)

. Dredging changes depths and releases large volumes of sediments and
turbidity, A number of case histories can be cited on the nature of
ertificial dredginhg effects, many of which resemble the natural patterns
in river mouths.

I_mnm__am;m;__ nt (E-5)

Eetuarine system types change wken circulation is reduced or when
access of the sea i$ elimineted for purpcses of converting estusries Into
freshwauer lakes. The reduction ¢f wave and current energies eliminate
estuaries of known valueble. type. Recognition of the changed system mey
help in appraiaal of the nature of the new type. There are closed systems
with water cOmposition like that cf sea water which accept marine faunas
and develdp useful ecological systems after seeding end introductions,

The Salton see 1s ohe case often cited where new designs are developing
new systems in waters cut off from the sea, Not the least of the changes
is the elimination of migration.

Thermal Pollution (E=6)

The. advent of nuclear power draws much ettention to the systems which
develop where sea waters are drawn into cooling pipes and returned to bays.
Whereas the patterns of low species diversity and physiological adaptation
are well esteblished in studies of natural hot springs, the patternms in the
cooling weter are complicated by variation in rates, by variations and
interactions with adjoining systems of older types, Thus the several
situations already in ekistence are studied carefully for some indication of
the type of ecologicel systems that may preveil., Two natural situations of



temperature variation are the hot salty ground waters discharged from oil
wlls and the fluctuatlons in terperature,lowering diversity in the Cepe
Cod Canal in Massachusetts, .

Pulpmbll waste Systems (E=T)

In quantity end volume the wastes of preparing wood for paper are vast
on all coasts with meny estuaries dominated by release of organic materials
fiber, aend chemicel waste from processing, There are the organic substences
diffusing from wood rafts in Washington State, the river bottoms of Maine
with sawdust sediment, +the lignin by-products from the paper processing,
and the sulfites and other chemicals which have toxic espects. The separate
leboratory test of components have long been studied, but the overall
behavior of an estuary dominated by this influence is not easily documented.
It is not clear, for example, if the microbial food chains based on the
organic matter leed to higher food chain pvoductivities or not, The fresh~
vater zones of such rivers scmetimes are dominated by growth based on
soluble organics such as Sphaerotilus, which forms fungus-like bacterial
colonies that densely dréﬁE-ETT-ECFfEces. What really heppens with this

'slime in the estuaries is less clear,

Suger Cane Wastes (E-8)

With sugar cane the soluble organics are not released, but the fiber,
vash waters, and much mud entrepped in sugar hervesting methods are some-
times flushed into clear waters of tropical coasts. where turbidities
are incompatible end disturbed systems result. Whereas turbidity injections
from freshwater plumes are & regular pettern in moist tropical coamsts, the
vaste into stable complex systems provides a different permutation.

Phosphate Wastes (E-9)

The mining of calcium phosphates from sedimentary deposits Involves
much processing of overburden soils., Waste waters have slimes with con-
sidersble fluoride, phosphatic content, end turbidity. If there is
refining there may be other wastes wnich are acid with very high dissolved
phosphorus end fluoride concentrations, The systems developing where
phosphate wastes are released may have changed nutrient ratios relative to
vhosphorus end shading of turbidity, Estuaries associated with Peace and

Alafia rivers in Florida end in the Pamlico area in North Carolina provide’
examples.,

Acid Waters (E-10)

In freshwaters of states like Pennsylvania, a characteristic pattern
of acid waters results when oxidetion of sulfide deposits produces sulfuric
acid. In cur see grant ponds at Morehead City, North Carolina, exposure of
gsalt marsh muds to the air produced a similar acld condition in ponds with
carbon dioxide driven off. Special phytcoplenkton developed which were

82
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' adapted to fairly hard buffer systems end had little availeble cerbon
source, except free carbon-dioxide being released from snimals. A charac-
teristic plankton developed like that in fresh waters. Acld releasses
froem industry or from mining are likely to generate this pattern, vell
known in freshwsters of Pennsylvania.

Petroleum Shores (E-11)

The frequent spills of petroleum have provided many exemples of a
speciel oll shore ecosystem, the best studled being the Torrey Ceanyon
spill in England. . Floating oil ends up on beaches and other shores where
microbial processes carry out decomposition especislly if other nutrients
needed by the bacteria are present, Related to the petroleum is the
pattern of toxicity and phosphorus fértilization from use of detergent to
disperse oils, 0ils are relemsed from marine systemé to the surface in
slicks &s a normal process, but the petroleum spill is vastly different
in quentity. The action in stressing large animals, in forming toxic
sludges on the bottom, and in permeating flesh of animals is well documented,
Where spills sre frequent, the pattern developing becomes & regular eco-
system of a new type,

Piling (E-lz)

The introduction of wood pilers end piling constitutes the creation of
8 special ecosystem type with shipworms end boring crustecee, Even with
heavy creosote and other chemical treatments, characteristic boring enimals
such as gri‘b‘ble (Limnoria) do develop &nd apparently cen consume thé wood
in this state., Setting of intertidal barnacles and other organisms on the
outside tends to be fewer in nuwmber and type. Estuarine piling is a special
system of man, ‘

Salina (E=-13)

The sequence of evaporatlon of sea weter to formgalt follows procedures
thet have been with man's culture for hundreds of years. Men's special
arrsngement of estuary flows for this purpose constitutes a special eco-
system. A steady state pattern of inflow and removal involves & rotetion
of treatments to a sequence of ponds, The arrangements for processing the
water by man meke distinct differences in the gystem as compared with
natursl briny lagoons that form otherwise in such climates,

Brine Pollution (E-14)

The flow of brine waters either from industry, from waste of extracting
freshweter from sea water or from ground waters up through 01l wells constitute
a special condition., The brines have differént ion ratios from sea water
especially in having different cation ratios and often are laden with iron
and other dissolved substances. Brine waters from inflows of this type differ
in organic content from that developing in briny lagoons end salines., Flowing
brine water 1s dense and constitutés & stress where it fluctuetes over normel
bottoms,
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Petrochemicals (E-15)

The refining of petroleum p rcducss wastes of mixed organic compounds,

end usually with refineries are located complexes of industries which

use the verlous petroleum components in plestics and other menufacture,
producing additionsl organic wastes, many of which are toxic., The mixtures

of these westes concentrated in small lagoons produce black waters, anerobic
conditions, and very low diversities of biota génerelly. Less known 1s the
pattern of ecological systems one gete when petrochemical vastes are dispersed'
Into estueries in more dilution,

Multiple Stress (E-16)

The most common dlsturbed system in urban America is the city harbor
or upper river estuary which has ocean shipping, wastes from cities,
industrial wastes of many types, dredging of bottoms, pertial empoundments
interrupting circulation end injections of thermael coolirg waters,
Diversity of species is small, larger animels are rarely in evidence, and
chemical sensors end enslyses show pavhB of contresting waters drifting
by, providing sherp shocks to all 1iving organisms ineluding the fouling
communities on ship bottoms. Showing that a nearly dead ecosystem goes
with multiple stress is no trick. The' real question is to find some kind
of adaptations that can function, ’

F.Migrating Subsystems

To the energy support cycle are coupled regimes of micro-organisms
and animal activity rising with the energy availability. A characteristic
adaptation to the seasonal regime that permits the rapid spring rise of
animal populations is the release of microscopic larvae at the time
of the phytcoplankton blooms. Then there are migrations of populations
of larger animals swimming or swe pt into the bays during summer from
the rivers or from the open sea. Commercial shrimps, herring-like fienes,
shad, and salmon make their famous migrations snd may have the one common
fcature that the ponulatlons new young find their perilod of most rapid welight
addition while in the estuaries, thus taking advantage of the pulse of
foed 1in that syslem. The general concept of the estuary as a "nursery"
concerns the fast growth of newly hatched young rather than the actual
reproduction. Egg production is often done in an area of safety as with
salmon far up small sureams where live eggs are stored in stream g:avels
over winter, or with shrimp and mullet spawning in stable temperature and
salinities seaward in such a way that the young are drifted back into the
estuaries. In other instances the eggs are released within the same estuary
where the nursery function may develop. The important generalization about
the estuarine migrants in the temperate systems is that a stock will con-
tinue to dominate the estuary as long as its programh of reproduction pro-
vide enough new young to take maximum advantage of the estuarine pulse of
available food erergies in the spring-summer season.

In one sense the migrating subsystems are the principal meens for
organizing all of the sea's systems into a coordinated whole.
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FORAMINIFERA IN ESTUARINE CLASSIFICATION
Maynard M, Nichols

Virginia Institute of Mariné Science
Gloucester Point, Virginia 23062

Among the various microconsumers of estuarine bottoms, foraminifera
provide useful clues for the energy classification of estuaries. They not
only participate in the cyeling of organic materials but also accumulate
energy in the form of protoplasm and a calcium carbonate shell or test.
Because their tests are well-preserved after burial in sediments they have
become a diagnostic tool, long used by oil geologists, for classifying
ancient strata and recognizing oil-bearing deposits.

-
o

Foraminifera are especially useful for classifying estuaries’because
they live in nearly all systems from fresh water to the continental shelf
and beyond. They form distinctive groups, possessing certain adaptive char-
acteristics, in different types of estuaries. Therefore, each estuary has
its own characteristic fauna by which it can be recognized. Furthermore,
foraminifera are fairly abundant, easily collected, and readily identified.
Because of their utility & wealth of knowledge has accumulated on their
taxonomy, their distributions and ecology. As a result foraminifera are
better known than any other widespread estuarine group. The purpose of
this chapter is to show how they can be used to classify estuarles from
which more refined information on estuaries can result.

LIFE AND ACTIVITIES OF FORAMINIFERA

Foraminifera are microscopic unicellular protozoa that develop a test
composed of calcium carbonate, agglutinate sand particles . (arenaceous) or
occasionally, organic chitin. In estuarine areas they live on or near the
sediment surface and often attach to benthic plants. Growth of the test
leads to formation of chambers which are arranged in a multitude of dif-
ferent forms. Often, end chambers are contorted under stress conditions.
Foraminifera gather food in protoplasmic nets extending around the tests,
a feature which distinguishes them from other amoeboid protozoans. They
trap a wide variety of algae flagellates or bacteria and cram them around
their test or into an aperture through the test. Although pennate diatoms
are emong the most common food, different species have specific food
requirements (Myers, 1943). Not only the type of food but the amount of
food are of importance in foraminifersl nutrition (Bradshaw, 1955)

_In experimental cultures Lee g&,gl.(1965) found that foraminifera are "bloom"
feeders. When low concentrations of food are present forams eat sparingly
and reproduce slowly, but when food is abundant as in a bloom, they exploit
it. These results are supported by a few observations in estuaries - for
example M. Buzas (1969) found a periodicity in species density in the
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Choptank River, Maryland, with relatively high numbers during periods of high
chlorophyll content. Myers (1942) found foraminiferal growth increased during a
phytoplankton bloom and furthermore the chambers added were longer, and thinner
than when food was scarce. Similarly, Waldron (1963) found a spring "peak" of
foraminifera in Timbalier Bay, Louisiana, presumably related to the amount of
land~derived organic nutrients (Fig. 1). Although such temporal studies are few,
they do indicate that foraminifera may be sensitive to timing of energy sources
as freshwater inflow. '

The life span of foraminifera ranges from a few months to several years.
E. Myers (1943) found that the life cycle of the cosmopolitan species Elphidium
crispun in tide pools of temporate regions is completed in two years, whereas
below tide level 3 to L years are required. TIn tropical water by contrast the
span is six months and a life cycle is cadpleted in one year. In the life cycle
there is a succession of sexual and asexual generations. Reproduction terminates-
the life of both sexual and asexual individuals and this feature provides a means
of determining the annual productivity. The work of Myers (1943) and Glaessner
(1967) are the chief sources of information on the life history, habits and
activities of foraminifera.

FAUNAL FEATURES -

To identify different estuarine types it is useful to organize distri-
butional data under the following faunal features:

Number of specimens or abundance.
Number of* species and diversity.
Shell characteristics and composgition.
Number of planktonic forms present.

. Faunal composition.

Ul o

Abundance

The number of living foraminifera at any particular time should indicate the
general level of orgenic production from estuary to estuary. Within one estuary,
the abundance of foraminifera should point to local sources of energy supply. An
estuary having very low standing crops, e.g. less than 10 specimens per 10 ml of
wet sediment as in closed San Miguel Lagoon, Baje California (Stewart, 1958), is
regarded as low in fertility and low in organic production. By contrast an
estuary with relatively high standing crops, e.g. more than 1000 specimens per
10 ml as in the thin grass areas of Laguna Madre (Phleger, 1960b), has high
organic production. Between these extremes, standing crop size alone is not an
adequate index to fertility or to the rate of production. The growth rate and
frequency of reproduction of a population need to be determined. Except for a
few studies, i.e. Myers (1942) and Boltovskoy (196L), these factors remain to be
determined in most areas.

" Although foraminifera make up only a very small amount of the
total benthos (less than 5% of metabolism, Horton, 1961) and less than one
percent of the total bulk volume of sediment (except in some coral reefs
they may make up more than five percent of the sediment) they are often
abundant in areas where food supply or plant nutrients are abundant.
For example, large populations averaging 500 = 2,000 specimens per
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10 ml are recorded by Uchio (1960) off San Diego in an area of nutrient-rich
upwelling. DPopulations of 1,500 to 3,000 per 10 ml occur off Main Pass of

the Mississippi Delta and also off the Guadalupe River at the head of San
Antonio Bay, Texas (Phleger, 196L), areas where river-borne nutrients are intro-
duced and mixed with marine water (Fig. 2). Interestingly, the large populations
are dominated by 1 - 4 species and specimens are typically of small size,
features attributed to rapid reproduction of large populations under optimum
conditions (Phleger, 1964).  In the vicinity of the nutrient-rich Laguna Beach
sewage outfall, California, Bandy et al. (196lc) found populations 5 times
greater than elsewhere. These examples suggest that patterns of foraminiferal
abundance point toward sources of organic input in an estuary.

Number of Species, Diversity and Dispersion

The relative number of species in & population, or species diversity,
offers a useful means by which a population can be described. Recent studies
(Gibson, 1966; Walton, 1964b) indicate the diversity is inversely proportional
to the variability of the system. For example, the distribution of diversity
in Mississippi Sound (Gibson, 1966) is relatively low (10 - 15 species) in
areas -of high wave and current activity or where salinity, temperature and
turbidity are variable, whereas it is relatively high (25 - 40 species) in
more stable water of the inner shelf (Fig. 3). Thus, diversity distributions
of foraminifera are a means by which different habitats and different
populations may be compared in terms of envirommental variability.

Closely related to species diversity is another characteristic, "faunal
dominance, " or the percentage occurrence of the most common species in a
population (Walton, 1964b). Faunal dominance is directly proportional to
environmental variability and inversely proportional to diversity. Varying
from 90 percent in marshes to 20 percent on the continental shelf, it serves
as a guide for examining broad trends in which rare species of nonindigenous
species are present.

Like other estuarine populations, foraminifera are dispersed spatially in
different patterns either random, uniform or clumped, according to their habit.
The degree of clumping is a significant characteristic of a population but
only a few studies have been made (Schafer, 1968b; Ellison, 1969; Lynts, 1966).
In a study of spatial distributions in one square foot of Rehoboth Bay,
Delaware, Buzas (1968b) observed an increase in aggregation with an increase
in density random distributions were due to individuals settling out of water,
whereas the abundant species were superimposed upon the random distribution as
an aggregate due to asexual reproduction which produces a group of young
about one parent.

Shell Characteristics and Composition

Foraminifera are often grouped according to the mode of their shell con-
struction.. These constructions appear to have environmental significance.

1. Arenaceous or agglutinate species build their tests of sand grains,
mica flakes or other particles which they can cement together by
carbonate or chitinous secretions. They occur in freshened or
brackish water off river mouths and in partly confined estuaries
where stagnant conditions often develop.
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2. Calcarecus species construct their tests of calcium carbonate
secreted by the animal or precipitated from water. These are
either porcelaneous (imperforate) or hyaline (pérforate).

Calcareous species mainly inhabit more marine water. . Near
sources of freshwater tests are commonly small and thin; some
species (e.g. Streblus beccarii vars.) have chitinous inner linings.

When foraminifera grow in, estuarine situations with high seasonal stress
or pollution they often develop irregularly arranged chambers with contorted
shapes at the apertural end, Abnormal specimens are reported by Arnal (1955)
in Playa del Ray ILagoon, California, a confined and stagnént body of water, and
by Stewart (1958) in closed San Miguel Lagoon, Baja California. They were
found by Lidz (1965) around piers of Nantucket harbor. In landlocked Salton
Sea, Arnal (1961) observed relatively high frequencies of abnormal specimens
near the mouths of small streams. In laboratory cultures of Bradshaw (1955,
1957), chambers of Streblus beccarii beceame more irregular with en increase of
temperature, a feature probably brought about by scarc1ty of food with increased
metabolism of high temperatures.

Planktonic Forms

Although most foraminifera of estuaries inhabit the sediment surface
a few attach themselves to rocks or plants and others are derived from ocean
water masses. Planktonic forms, characteristic of offshore water masses, are
often found together with nearshore benthonic forms where ocean water extends
close to shore on an arid coast or in deep neutral embayments, e.g. San Pedro
Bay, California (Bandy, 196L). When planktonic specimens are found in
estuaries they may indicate occasional introduction of oceanic water.

Faunal Composition

Faunal composition when used together with other faunal characteristics
provides a handle for comparing and classifying different estuaries. This is
possible because estuarine foraminifera consist of characteristic species
with dominant genera which have adapted in similar ways to similar conditions.
Although the specific composition may differ or overlap someéewhat from estuary
to estuary, most groups are represented in many widely occurring estuaries
from coast to coast. The change occurs mainly with distance seaward from
fresh to marine water.

Thecamoebina fauna is characterized by small agglutinate forms that are
close relatives of foraminifera but not classed as foraminifera. This group
inhabits freshwater marshes, cypress swamps, bayous, lakes and rivers. Two
common genera are Difflugia and Centropyxis. They are recorded in the lower
Housatonic and Connecticut rivers (Parker, 1952), in the Guadalupe River, Texas
(Parker et al., 1953), and in the Mississippi Delta area (Walton, 196lb). A
detailed s study of thecamoebina along river courses in Trinidad by Todd and




Bronnimann (1957), indicates that different species occur in different river
subsystems, or "zones."

A Miliammina fauna inhabits slightly salty water at the beginning of
marine influence. This fauna is arenaceous and often includes species of
Ammoastuta, Trochammina and Haplophragmoides, all of which also inhsbit
bordering intertidal marshes. In some areas this fauna often grades into,
or is replaced by, a dominant Ammobaculites fauna.

An Ammobaculites fauna is common to inner or central parts of estuaries
having intermediate salinity. In middle latitude estuaries it often mskes up
the main component of maximum populations off river mouths; diversity is
relatively low. Lowman (1949) noted that shoal brackish waters which are
‘occasionally stagnant are more prone to development of an arenaceous fauna
than well-aerated waters. Seaward in more marine water of lower estuarine
reaches, the Ammcbaculites fauna is. replaced by a calcareous Elphidium fauna.
The change from arenaceous to calcareous character is a marked feature of
estuarine faunas. It may reflect the availability of calcium carbonate used
for test construction (Greiner, 1968), a feature which in turn depends on
sallnlty, temperature, pH and the supply of river-borne calcium.

The Elphidium fauna is a more diverse group than the Ammobaculites fauna.
It includes many speciles of Elphidium plus Streblus and miliolids. Tt
inhabits lower estuarine reaches bathed by relatively salty water and
penetrates landward in channels or through wide inlets which allow invasion
of ocean water. '

A Miliolid fauna is intermittently present in estuary entrances,
adgacent barrier beaches and nearshore bottoms where turbulence is great.
Spe01mens are robust, thick-shelled typically porcelaneous and relatively
diverse. Added to the fauna are representatives from the Elphidium and
Streblus faunas.

The Streblus fauna is a relatively widespread transitional fauna
. extending of fshore to about the 60-foot depth. It often intergrades or overlaps
the Elphidium fauna around estuary entrances and has a relatively high diversity.

Mixed faunas occur in migrating subsystems, around river and inlet
entrances where currents are active in transporting tests and sediment. For
example, thecamoebinids are often swept into the Miliammine or Ammcbaculites
fauna by river floods or freshets., Similarly marsh specimens may 'contaminate"
different estuarine faunas when eroded from bordering banks by wave action.
Mixing can be recognized by the sparseness of living representatives,
departures in the distribution of living dead faunal boundarles and local
1ncreases of diversity.

HORIZONTAL PATTERNS

The most distinctive patterns of estuarine foraminifera are those
which occur with distance seaward. In temperate estuaries this pattern
corresponds to a change from fresh to marine water but in estuaries of arid
coasts the change is from hypersaline to normal merine. The broad horizontal
patterns in temperate estuaries consist of:
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1. A seaward change in faunal composition from dominately thecamoebinids
in freshwater to arenaceous Miliammine or Ammobaculites in brackish
inner reaches, and farther seaward to calcareous Elphidium, miliolids
and Streblus (e.g. Fig., 4).

2. A seaward increase in the number of species as more marine and stable
conditions are approached, e.g. from less than 10 to more than 25
species. There is a decrease in faunal dominance from about 90 to 30
percent (based on percent occurrence of the most dominant species).

3. Large populations occur near the effluence of rivers or inner reaches
of estuaries, i.e. sites where nutrients are introduced into marine
water and where salinity stress is high. Numbers diminish both land-
ward as well as seeward, away from the loci of peak abundance. -

4, Arenaceous forms, or calcareous forms with chitinous inner linings,
dominant near river and inner estuarine reaches, in contrast to
calcareous forms in lower reaches. Calcareous tests become smaller
and thinner near sources of fresh water (Walton, 196kb).

5. Marsh forms contaminate inner reaches where marshes border an estuary.
A few planktonic specimens mey occur where ocean water approaches
mouths of deep estuaries or invades embayments.

These broad patterns develop different dimensions according to the estuarine
configuration, the degree of river dilution and mixing, and the magnitude of
environmental stress. TFor example, Walton (196ka) observed that the Elphidium-
Streblus fauna, which was so widespread throughout the relatively saline water
of Tempa Bay, could not withstand the extreme dilution of inner Mobile Bay. In
the Rappahannock River, Virginia, the thecamoebinid-Ammobaculiteg-Elphidium
faunas extend through a broad gradient of salinity for a distance of 50 miles
(Nichols ‘and Ellison, 1967) whereas in the Yaquina estuary, Oregon, essentially
the same faunas are telescoped into a narrow salinity gredient less than 10
miles long (Manske, 1968). 1In San Antonio Bay the bay facies dominated by
Elphidium, spreads out over a broad area of the lower bay (Phleger, 1960), where-
as in the Rappahannock estuary a similar fauna penetrates landward in a narrow
zone of the estuary channel (Nichols and Ellison, 1967), (Fig. 5). 1In the
James Estuary, Virginia, patterns of the Ammobaculites-Elphidium faunsl boundary
are skewed diagonally across the estuary in a way that suggests a response to
Coriolis force manifest in the estuarine circulation and/or salinity distri-
bution (Fig. 6). :

Horizontal patterns may be expected to shift and alternate with changes
in energy source and magnitude of stress. The Yaquina estuary, Oregon, alter=-
nates from well-mixed to pertly-mixed with a change from high river inflow in
winter and spring to low runoff and nearshore upwelling in summer. Foraminifera
patterns recorded by Manske (1968) shift either upstream or downstream in re=-
sponse to these changes (Fig. 7). Ir the Rappahannock Estuary, Virginia, which
has less intense seasonal stress and a wider salinity gradient than the Yaquins,
faunal patterns also shift along the estuary with changes of salinity and river
inflow (Ellison and Nichols, 1970), (Fig. 8). Both estuaries have similar
dominant faunas but in the Yaquina there are more than 30 gpecies whereas in the
Reppahannock there are 21.
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VERTICAL PATTERNS

Superimposed on the horizontal patterns there are smaller, less' striking
patterns with depth channelward or with elevation across flats. Vertical
patterns are most conspicucus in intertidal zones of flats and marsh backed by
freshwater ponds. They may also occur in deep estuaries, fjords and open
embayments that merge with the continental shelf. Less striking are those that
develop in shallow confined estuaries nearly cut off from the sea. For example,
in Sabine Lake, Texas-Louisiana, shoals are inhabited by a Haplophragmoides
Miliammina fauna whereas lower parts of the estuary floor are occupied by
Ammobaculites (Fig. 9), (Kane, 1967). On shoals of Laguna Madre, great numbers
of miliolids, up to 1640 living specimens per 10 ml, reflect high production
on the lighted thin-grass shoals (Phleger, 1960c; and Odum and Wilson, 1962).
Distributions of marsh foraminifera around Galveston Bay, Texas, (Phleger, 1960)
display seven sub-zones that are partly related to plant zonation and other
variables as tidal flooding, salinity, etc., all of which vary more-or-less with
elevation. In the deep Juan de Fuca and Georgia Straits of the Pacific north-
west, Cockbain (1963) differentiated 9 sub-zones, some of which varied with
depth or related factors. Interestingly, faunas that inhabit freshened inner
reaches of an estuary, also occupy shoals of seaward reaches which are
influenced by partly freshened water. This is illustrated in foraminiferal
distributions of Yaquina Bay, Oregon (Manske, 1968), (Fig. 7).

CHARACTERISTICS OF FORAMINIFERA IN DIFFERENT SYSTEMS -
High Energy Beaches

Specimens are large, robust and thick shelled. Small, fragile forms do
not survive the intense turbulence and sorting action of wave action. Large
Miliolidae, Elphidium and Streblus dominate faunas on the Gulf coast
(Phleger, 1960c). On the Pacific coast Cooper (1961) found abundant hyaline
specimens and relatively few species (averaging 15). On southern California
beaches, Bandy (1963) reports abundant broken, damaged and worn specimens.
Lankford (1962) delineated two faunal provinces in beach and nearshore areas
along the Pacific coast with a boundary at Point Conception, California.
Miliolids and Elphidium were limited to the southern California province. On
the Atlantic coast at Martha's Vineyerd, Todd and Low (1961) recorded variable
numbers of Miliolids, species of Elphidium, Streblus and Rosaline. Presumably
they were largely derived from seaward of the low tide line.

High Velocity Channels

Under conditions of strong currents, foraminifera are sparse and limited
to minute or attached species. Todd and Low (1961) report flattened forms of
the genera Rogsalina and Cibicides in current washed inlets of Martha's Vineyard,
Massachusetts. In tidal channels of Hadley Harbor, Massachusetts, known as
"sutters,” populations vary in abundance and species diversity (Buzas, 1968a).
Channels leading into lagoons on the southern California coast contain beach
species mixed with lagoon species (Bandy, 1963).
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Sedimentary Deltas

Foraminiferal faunas are best illustrated by the studies of LankKford
(1959, 1967a) on the southeast Mississippi delta (Fig. 2). The "fluvial
marine” fauna of passes consists of abundant Palmerinella gardenislandensis,
an arenaceous form. Seaward of the passes where river and gulf waters actively
mix and where sedimentation is fast, the fauna is characterized by very high
living populations dominated by 4 species of the genera Bolivina, Buliminella,
Epistominella and Nonionella. A very different faunal compogition is recorded
by Phleger (1960a) off the Guadalupe River delta in inner San Antonio Bay,
where there are abundent arenaceous Ammotium salsum and Palmerinella
gardenislandensis plus species of calcareous Elphidium and Streblus. Because
of rapid sedimentation, dead populations are "diluted" and the ratio of living
to dead tests is high. Faunas of the two areas are similar in having large
standing crops composed of only a few species.

Hypersaline Lagoons

Faunas described from Laguna Madre, Texas, by Phleger (1960c) are
dominated by Miliolidae which inhabit sand substrates commonly covered with
thin grass. In deeper areags of gilt and clay, the fauna is dominated by species
of Elphidium and Streblus; miliolids are less abundant. In turbid, poorly
vegetated Baffin Bay, Texas, the fauns is impoverished and the number of species
few (less than 7).

Blue-Greén Algal Mat

Faunas on "matted" barrier flats of laguna Madre are dominantly miliolids
that occur in relatively large percentages. On an algal covered barrier
flat of St. Joseph's Island, Texas, Phleger (1966b) recorded abundant miliolids
plus species of Streblus, Elphidium and the arenaceous genus Apgmotium. Species
average about 15, a number slightly higher than in most surrounding marshes.

Mangroves

In the marsh-mangrove bay areas of Whitewater Bay and Ten Thousand
Islands, Florida, Phleger (1966a) found dominantly calcareous species similar
to those in lagoons of south Texas plus a few arenaceous "marsh" species.
Populations are relatively large and fairly diverse, embracing about 20 species.

Tropical Meadows

The foraminiferal fauns of Florida Bay is characterized by abundant
calcareous miliolids (Lynts, 1962). They tend to increase in abundance seaward
toward more salty marine water, whereas Streblus beccarii and Elphidium
galvestonense, the other principal components of the fauna, tend to decrease
seaward away from freshened water near the mainland. Populations are very
diverse, ranging up to 57 species for the whole area, and they also
vary widely in abundance (Moore, 1957).




101

Blue Water Coasts

. Blue waters bathing the southeast coast of Florida in depths of 0-k40
feet, hold a more diverse fauna than in Florida Bay, consisting mainly of
Peneroplidae and Miliolidae (Moore, 1957). Populations are variable owing
in part to sorting by currents and waves.

Tide Pools _

Foraminifera reported from algal-rimmed tide pools from Oregon and
California by Cooper (1961) vary widely in abundance and in number -of species,
from 12 to 46. With distance from north to south the over-all number of
species increase. Most forms are hyaline (those with perforate calcareous
tests) but there are small percentages of arenaceous, and porcellaneous forms,
in addition to a few distorted forms of Miliodidae and planktonic fossils.

The fauna is believed to be indigenous to nearshore areas and swept into the
pools by waves and currents.

Oyster Reefs

On oyster grounds of the inner James and Rappahannock estuaries, Virginia,
foraminifera reach meximal numbers consisting of 1 to 3 arenaceous species,
mainly Ammobaculites. It is not known if these faunal features are part of
the oyster reef economy or part of the estuarine-wide economy. No casual
relationship between foraminifera and oyster reefs has been reported even in
the fairly detailed studies of oyster-rich Mobile Bay, San Antonio Bay
(Phleger, 1960), and Matagorda Bay (Shenton, 1957; Lehman, 1957).

Marshes

Mersh faunas are very variable in composition and abundance. They are
typicaelly arenaceous, low in diversity ( 5 - 8 species) and appear to have a
very wide distribution (Phleger, 1960b). Characteristic genera include
Ammoastuta, Trochammina and Miliammina. Detailed studies have been made on
the Texas coast by Pnleger (1965, 1966b) on the Massachusetts coast by Phleger
and Walton (1950) and by Todd and Low (1961) and on the southern California
coast by Bandy (1963). They are often washed onto adjacent lagoon or estuary
floors as "conteminants." <

Oligohaline Systems

Foraminifera of the salinity "gradient" zone in the inner James and
Rappahennock estuaries, Virginia, consist of very large populations of 1 to 3
gpecies, mainly arenaceous forms dominated by one species, Ammobaculites.
Populations averaging 225 specimens per 10 ml are larger then most medium-
salinity plankton estuaries, but less than the very large populations off the
Mississippi River. The fauns is partly contaminated with a few "marsh” species
derived from upstreamnm.

Medium=-Salinity Plankton Estuary
Foraminifera of this type system are exemplified by those in Long Island,

N. Y., reported by Buzas (1965). The entire fauna consists of 23 species with
larger numbers toward more marine areas to the east. Calcareous species '
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of Elphidium plus Buccella frigida and erella advens, which constitute 90
percent of the total population, form three depth zones at depths of 36, 76
and 87 feet. Living populations average 177 per semple at depths of 30-60

feet and reach 335 per sample in shallow water O to 30 feet. Large populations
occurring in October and June correlate in a genersl way with the zooplankton
and phytoplankton cycles as well as times of meximum temperature.

Emerging Systems

There are few comprehensive studies of foraminifera in new man-made systems
except those of sewage outfalls on the southern California coast studied by
Bandy, Ingle and Resig (196ha,b,c, and 1965a). Both benthic and planktonic
species reflect nutrient enrichment by their great abundance near the outfalls
and by & reduction in species number (Fig. 10). On the Kennebec River estusry,
Maine, toxic paper mill pollution led to low abundance and few species
(Schafer and Sen Gupta, 1969). In Nantucket Harbor, Massachusetts, organic~
rich muds exposed to sewage yielded an abundance of abnormal specimens (Lidz,
1965). On the other hand, an sbundance of Florilus grateloupii and Fursenkoina

ontoni is favored by sewage polluticn in Mayaguez end Guayanilla Bays, Puerto
Rico (Seiglie, 1968), McCrone and Shafer (1966) report Ammonia beccarii
tolerates substantial pollution in the Hudson estuary. In a study of thermsl
pollution effects, Christensen and Ellison (1965) found high temperatures, up to
14°C above normal, have only limited effect on Ammobaculites. Additional studies
are needed to determine how foraminifera respond to different man-made stresses.

PROBLEMS FOR FUTURE RESEARCH

Knowledge of foraminifera at present is not fully adequate to attack the
multitude of future problems arising from pollution and conservation of water
resources. Certain areas of understanding are deficient and require attention.
The following are priority studies, though not listed in numerical order by
priority, within reach of investigation with present tools and which hold
promise of solution.

1. "Although natural distributions of foreminifera are known from many
systems they do not cover all estuarine types. They can serve as
"base-line" information for evaluating future man-made chenges
before such changes occur. Distributional studies are needed in:

(1) Glacial and turbidity outwash fjords, (2) ice stressed inter-
tidal zones, (3) high energy beaches of the east coast, (U4) oscil-
lating temperature chamnels, (5) tropical "meadows,'" and (6) tropical
plankton bays of Puerto Rico and Hawaii.

2, Emerging man-stressed systems have been little studied except for
sewage ocutfalls in temperate neutral embayments and shore waters.
Basic distribution studies are needed to compare patterns in
different stressed systems at varying scales and intengities of
stress, from the tropics to the Arctic., It is of special interest
to know how foraminiferal populations respond to conditions in new
systems as regards number of species, abundance, development of
abnormalities, spatial variability, and diversity. How do distri-
bution patterns shift in response to deepening, demming or diversion
of an estuary? :
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To further our understanding of distributions in natural as well as
nman~-stressed systems, more information is needed about the system
itself, especially time series that show extremes, durations and
rates of change of temperature, salinity, pH, current, light, oxygen
suspended concentrations and other parameters. This information can
be obtained from existing continuous recording instruments, such as

 developed by Bradshaw (1968) and further used for analysing the

ecology of other organisms as well. Automatic processing and
computer analysis should facilitate handling large amounts of data
and analyses of various envirommental varisbles as & group.

To refine our evaluation of distributional features we need to know
how foraminiferal tests behave under turbulent conditions; and to
what degree tests are passively transported and dispersed by tidal
currents.. Detailed analysis of foraminifera and of suspended
sediment, supplemented by simulated conditions in labgratory
flumes, will aid in this problem. Eventually, foraminifera may be
of use in measuring the degree to which sediments are dispersed by
turbulence and mixed by other organisms. They are potentially
useful as a tracer of dredge spoil.

Like other marine organisms, foraminifera are capable of concen-
trating trace elements including those of man-made wastes.’
Inasmuch a8 the trace compesition is little known, analyses need
to be made to determine what elements are concentrated by different
species and how they may affect the size and survival of entire
populations.

Of special import is the need to relate the production of foraminifera
to total organic production. If a relationship can be developed,
foraminifera could be used as an index for recognizing productive
estuaries and for comparing organie production rates with

time or in different systems.
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Part III-A

ECOLOGICAL SYSTEMS BY STATE

B. J. Copeland H. T. Odum ,

Marine Science Institute University of North Carolina
The University of Texas Chapel Hill

Port Aransas, Texas 78373 North Carolina 27514

In the same sense that maps of geological formations, soils, forests,
and agricultural use are the basis for management of systems of man and nature
on land, detailed maps of the ecological systems of the coastal waters are
needed. In some states there are already detailed maps showing shellfish
locations, bacterial pollution, salinities, and other related properties, but
not maps of the whole operating ecological systems as defined in Part I. Most
states have the personnel to do this mapping in a relatively short time because
of knowledge accumulated already in management and scientific studies of the
bays. When accomplished, the detailed maps may become the basis for manage-~
ment of the coastal systems of America, especially as our knowledge of the
types develops further,

For consideration of the national estuarine resource, some small scale
maps that locate a few examples of each type of ecosystem in each state are
given to help readers visualize the system types in the ecology of these states.
In this chapter, using the maps, we list examples of ecosystem types obtained
in interviews in each state. A number of state authorities have indicated
their disappointment that these small maps show so little of the detail
already known locally, thus underscoring our recommendations that the detailed
and documented resource maps be done by ecosystem type as a national project
with state-federal collaboration. This volume, however, is written to lead
non=gscientists into the estuarine literature. The small maps are presented
in the belief that basic concepts must be first introduced in simplified form.
We seek to show readers new to estuarine science gome examples of locations
of ecological systems, to show readers familiar with one state the charac-
teristics of another, and to show the kind of mapping approach that might be
followed in doing detailed large maps of the same areas. The maps also show
locations of the estuaries discussed in the chapters that follow.

Lest there be misuse of these introductions we pass on a caution from
one of our correspondents quoted as follows:

" . . what needs emphasis is that we have almost none of the
hard, detailed information which is needed to intelligently manage
most of our shore areas. Written material like this is likely to
give would-be managers the illusion that they know a whole lot,
and can now proceed with safely predictable results. It seems
to me this could lead to great damage. What these managers really
need is a brochure setting out the complexity of the problems to
be faced, and pointing out the necessity of making detailed local

studies of each particular situation before making drastic changes
therein."
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Within each geographical area thére may be several systems and
subsystems in juxtaposition with each other. A large bay, for example,
may be surrounded by marshes, tidal.pools and mudflats and contain in it
an oligohaline system, medium salinity plankton system, oyster reefs,
grass bottoms, and migrating subsystems, Thus, the classification of
one large bay may be difficult and complex because of the necessity of
all these systems and subsystems interacting together to provide the
productivity characteristic of that bay. You may find, therefore, many
classification designations within one small area, such as Chesapeake
Bay, Pamlico Sound, Galveston Bay, or San Francisco Bay, to name a few.

Maps are alphabetically arranged by stite except for Alabama in
Fig. 3; Connecticut in Fig. 9; Delaware in Fig. 8; Mississippi in Fig. 6;
New Hampshire in Fig. 7; Rhode Island in Fig. 9; and Virginia in Fig. 8.
We acknowledge the suggestions of many in the states.

Figure 18 (U, S. Foderal Water Pollution Control Administration,
1967 1) is a more detailed mapping of only one ecological system (sea
food waste) in the estuaries of a single state. It illustrates the
difficulty, but also the potential usefulness, of such mapping.
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Part III-B

COASTAL ECOSYSTEMS OF ALASKA

C. P, McRoy and J. J. Goering

Institute of Marine Science
University of Alaska
College, Alaska 99735

INTRODUCTION

Alaska lives on its coast, a coaSt that extends from the rain forests
of Southeast Alaska to the arctlc tundra.‘ This is indeed a diverse and
complex system, The gradation from temperate to arctic includes all
types of coastal systems found in the lower states with the exception
of the tropical systems and the systems stressed by complex pollution
effluents,

Alagka has only about 300,000 people. This small population, although
concentrated on the coast, has a very limited influence on the natural
systems of the 47,000 mlles of coastline., Nonetheless, today Alaska is
experiencing rapid economic growth which is larely a result of development
of the natural resources_of the coast., In the last year a very large oil
deposit was revealed on'the arctic slope near Prudhoe Bay and this once
remote coast now has more flights daily than most cities in the state;
speculation exists that the development of the wealth of the arctic slope.
will utilize 1cebreak;ng super-tankers, Regardless of the type of develop-
ment that occurs on the arctic coast, this remote area will change rapidly
and much more knowledge of the coastal systems will be needed than presently
ex1sts.

The arctic coast systems of the United States are unique to Alaska.
This report on the coastal systems of Alaska concentrates on the systems
found only in Alaska, In addition to the arctic coast (ice stressed coast),
these include sea ice and under ice plankton (systems associated with the
ice-covered open sea), glacial fiords (systems associated with fiords that
have icebergs), and turbid outwash fiords (systems associated with fiords
receiving turbid outflow from glaciers).

This report is the result of the cooperative efforts of many people
in the Institute of Marine Science, University of Alaska. The advice,
criticisms, and discussions of Dr, Donald W. Hood are most gratefully
appreciated. The sections on fiords were principally the results of the
"efforts of Dr. David Burrell and Dr. Brian Matthews. The other sections
were written by Dr. Peter McRoy, Dr. John Goering, and Dr. Mary Belle Allen
with contributions from Mr, John Kelley, Dr., F, F. Wright, and Dr. C. M,
Hoskin., We are grateful for the technical assistance of Mrs. Laura McManus
and Mrs. Rose Marie Nauman.
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TYPES OF COASTAL ECOSYSTEMS IN ALASKA

The complex coast of Alaska covers a broad geographical range in
latitude and longitude and includes ecosystems that grade from temperate
into extreme arctic., Most systems are natural. The problems of emerging
new systems associated with man are limited to the few major population
centers of the coast. The geographical distribution of the systems in
Alaska follows (Fig. 1, Table 1). The diversity of the Alaska coast is
reflected in this list. It includes every type found in the lower states
with the exception of the tropical systems and a few of the more destructive
pollution systems. As a further index of the diversity of the Alaskan coast
we have calculated the miles of tidal shoreline in each region. The general
coastline of Alaska is 6,640 miles long, which is 54% of the total (12,383
mileg) general coastline of the United States (Pederson, 1965). The tidal
shoreline, which includes islands, inlets, and all shoreline to the head of
tidewater, is much longer and reflects the intricacy of coastal Alaska.
This distance is estimated to be 47,300 miles in Alaska and 88,633 miles in
the United States. This tidal shoreline in Alaska is greatest in the South-
east region (63%), where the coast is a labyrinth of fiords, islands, bays,
and rocks, and is minimal in the Arctic (2%), where the coast is a series of
lagoons and barrier beaches.

Another indication of the dominance of Alaska is provided by the com-
parison of the areas of the continental shelves. There are three continental
shelwves adjacent to Alaska: the Gulf of Alaska, the Bering Sea, and the
Chukchi and Beaufort (Arctic) Seas, These have areas in square miles of
140,000, 320,000, and 370,000, respectively, for a total of 830,000, The
total continental shelf area for the United States is 1,120,000 square miles.
The continental shelf of Alaska, then, is 74% of the total shelf of the
United States.

NATURAL ARCTIC AND SUBARCTIC ECOSYSTEMS WITH ICE STRESS

The ice stressed coastal systems of the United States are unique to
Alaska. There are four of these systems: glacial fiords, turbid outwash
fiords, sea ice and under ice plankton, and ice stress coasts, The first
two occur in Southeast and Southcentral Alaska and the last two are Arctic
(Fig. 1; Table 1).

RESEARCH NEEDS

No other state has coastal systems which are not already influenced
to some extent by man. Alaska is unique in this respect and perhaps the,
most urgently needed study involves collection of background data perti-
nent to understanding the natural dynamics of Alaskan coastal systems.
Probably some of the systems thought to be natural have already been
stressed by man's activity (e.g. global distribution of pesticides, etc.),
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COASTAL ECOSYSTEMS IN ALASKA WITH EXAMPLE LOCATIONS
(LISTED IN APPROXIMATE ORDER OF IMPORTANCE)

Types Found

Region 1. Southeast Alaska

Example Location

Estimated miles of tidal shoreline = 30,000 = 63% of Alaska

Number of types = 21

Glacial Fiords

Turbidity Fiords

Rocky Sea Fronts

High Velocity Channels

Medium Salinity Plankton Estuary
Neutral Embayment and Shore Waters
Sheltered and Stratified Estuary
Oligohaline System

Sedimentary Delta

Intertidal Rocks

Tide Pools

Worm and Clam Flats

Kelp Beds

Migrating Subsystem (salmon)
Eelgrass and Benthic Algae

Bird and Mammal Rocks

Marshes )

Sewage Wastes

Paper Mill Wastes

Seafood Wastes

Pilings

Glacier Bay
Glacier Bay
Sitka

Peril Strait
Auke Bay

Sea Otter Sound
Port Frederick
Stikine River
Stikine River
Pleasant Island
Pleasant Island
Icy Strait

Icy Strait
Little Port Walter
Klawak
Forrester Island
Mendenhall Flats
Juneau

Silver Bay
Petersburg
Ketchikan

Region 2. Pacific Coast, Cape Spencer to Cape Elizabeth
Estimated miles of tidal shoreline = 6,500 = 14% of Alaska

Number of types = 22

High Energy Beaches

Rocky Sea Fronts

High Velocity Channels

Glacial Fiords

Turbidity Fiords

Medium Salinity Plankton Estuary
Neutral Embayment and Shore Waters
Sheltered and Stratified Estuary
Oligohaline System

Sedimentary Delta

Intertidal Rocks

Cape Suckling
Granite Cape
Bainbridge Passage
Unakwik Inlet
Columbia Clacier
Valdez Arm
Montague Strait
College Fiord

. Copper, River

Copper River
Montague Island



Tide Pools

Worm and Clam Flats

Eelgrass

Marshes

Kelp Beds

Migrating Subsystem (salmon)
Bird and Mammal Rocks

Sewage Waste

Seafood Waste

Multiple Stress (earthquake) Beach
Pilings

Region 3. Cook Inlet
Estimated miles of tidal shoreline = 400
Number of types = 9

High Velocity Channel
Sedimentary Delta

Oligohaline System

Worm and Clam Flats

Migrating Subsystem (salmon)
Sewage ‘

Petroleum Shores

Pilings

Multiple Stress (ice, oil, tides)

Montague Island
Orca Inlet
Redhead Lagoon
Redhead Lagoon
Montague Island
Olsen Bay

Montague Island

Cordova

Seward

Montague Island
Valdez
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to 500 = 1% of Alaska

Forelands
Knik Arm
Turnagain Arm
Cook Inlet
Kachemak Bay
Anchorage
Kalgin Island
Anchorage
Cook Inlet -

Region 4. Kodiak Island, Alaska Peninsula, and Aleutian Islands

Estimated miles of tidal shoreline = 1500 x 5 = 7500 = 16% of Alaska

Number of types = 18

Rocky Sea Fronts
"Bird and Mammal Rocks

High Energy

High Velocity Channel

Neutral Embayment and Shore Waters
Medium Salinity Plankton Estuary
Sheltered and Stratified Estuary
Migrating Subsystem (salmon)
Worm and Clam Flats

Kelp Beds

Eelgrass

Marshes

Intertidal Rocks

Tide Pools

Seafood Waste

Petroleum Shores

Pilings

Radioactive Stress

Aleutian Islands
Amak Island
Unimak Bite
Unimak Pass

Cold Bay

Kitoi Bay
Kodiak Island
Cold Bay

Cold Bay
Shumagin Islands
Kinzarof Lagoon
Kinzarof Lagoon
Aleutian Islands
Aleutian Islands
Kodiak

Amchitka

Kodiak

Amchitka



Region 5. Bristol Bay to Bering Strait

Estimated miles of tidal shoreline = 180

Number of types = 14

High Energy Beaches

Sedimentary Delta

Oligohaline. System

Migrating Subsystems (salmon, birds)
Eelgrass ' :

Medium Salinity Plankton Estuary
Ice Stress Coast

Under Ice Plankton

Marshes

Worm and Clam Flats

Bird and Mammal Rocks

Seafood Wastes

Sewage

Dredgings

Region 6. Bering Strait to Canadian Border

Estimated miles of tidal shoreline = 100

Number of types = 13

Ice Stressed Beaches

Sea Ice and Under Ice Plankton

High Energy Beaches

Multiple Stress Beaches (ice, light,
salinity)

Oligohaline System

Sedimentary Delta

Bird and Mammal Rocks

Worm and Clam Flats

Sewage

Marshes

Eelgrass

Kelp Beds

Radioactive Stress

Q = 4% of Alaska

Kudiakof Island
Yukon Kuskokwim
Yukon Kuskokwim

_ Bristol Bay

Izembek Lagoon
Kvichak Bay
Norton Sound

N. Bering Sea
Izembek Lagbon
Izembek Lagoon
Pribilof Islands
Port Moller

Nome

Norton Sound

= 2% of Alaska

Elson Lagoon
Arctic Ocean

Pt, Barrow
Kasegaluk Lagoon

Kotzebue Sound
Colville River
Cape Thompson
Kotzebue Sound
Kotzebue
Selawik Lake
Shishmaref
Wainwright
Kotzebue Sound
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However, some appear to be in their original state and must be studied as
such so that implications of future stresses can be understocod. Northern
ice stressed systems are particularly vulnerable to man's activity and
should therefore receive immediate attention. With the rapid development
‘of the petroleum industry now in progress in arctic North America these
systems will rapidly be receiving stresses caused by industry.

- More specifically the scientific community should address itself to
collection of background data pertinent to knowing what the level of
world-wide, regiondl, and local contamination of coastal systems is at
the present time,

Suspicious cliemicals represented by three major classes should receive
attention: 1) insecticides, herbicides, unique drugs, detergents, or
other organic artifacts of man uncommon to the environment; 2) naturally
occurring heavy metals such as Pb, Hg, Cd, Os, Be, etc. on a worldwide
basis, and elements essential to or involved in metabolism but toxic in
high concentrations such as Cu, Zn, Sb, Cr, etc. (the latter are important
largely on a local basis); and 3) inorganic elements unnatural or highly
increased by man's activities and the whole suite of inorganic elements
resulting from fission or induced radioactivity.

Methods of detection of effects of contamination on biological communi-
ties is perhaps the area of our greatest weakness and need, When does a
contaminant become pollutant? How can subtle, yet damaging, changes in a
resource be detected, identified to its extent, and sound judgment be made
as to its consequences? Sophisticated methods need to be developed to assess
the level of a contaminant or combination of contaminants which limit the
metabolism of a specific organism in a community or communities as a whole.
Such information would be a signal to potential eutrophication, species
diversity, and ultimate damage.

Closely connected with the above is a need for better knowledge of
dispersion, both horizontal and vertical transport, and of flushing (ex-
change) of estuarine systems., The biggest problem here is the lack of ‘
techniques that can be used to adequately assess these parameters. Even the
problem of current measurements, pertinent to the above, is not fully solved,
although much progress is being made in this regard. Remote sensors which
can be safely placed in estuaries and be depended upon to give reliable
information are badly needed. Vertical transport is a basic parameter that
needs measuring, yet no satisfactory method has been devised to cope with
this problem. Developments in these areas are essential before an under-

" standing of the physics of estuaries can be realized,

There is also a need for studies of the continental shelf. The deep
oceans are fairly well understood or at least methods for their study have
been developed. This is not true of the important continental shelf.
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Transport of water and interaction with sediments and the atmosphere are
poorly understood on the continental shelves; yet, these are the connecting
link between the source of contaminant and ultimate dispersal in the deep:
ocean, While the capacity of the deep ocean to handle wastes is great, the.
problem is transport.

There is also a lack of that information needed to understand the
effects of physical stress on coastal environments, For instance, little
is known of the effect of ice and icing conditions on the ability of the
environment to handle waste materials. 1In fact the stress of long periods
of darkness or sequential light which occurs in polar regions has been little
studied, These areas are gaining importance in the scheme of things in the
world and we need to know how photosynthetic organisms live during long
dark periods, how organisms cope with long periods of below freezing tempera-
tures and, conversely, how the same organisms manage under high light and
temperature conditions. These questions and many more need to be answered
before extensive alteration of the environment is brought about by man's
activity.
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Pairt IV

GENERAL RECOMMENDATIONS

In the following chapters we examine the status of knowledge of estuarine
ecological systems considering types one by one, their distribution in the
United States and interactions with man. Whereas the knowledge about the -
organisms, sediments, water currents, chemical constituents, and other com-
ponents taken separately is very great, treatment of the parts together as
whols systems has been infrequent. . Many of our chapter authors were forced
to combine fragments from many sources to suggest the operations of the
ecological systems assigned to them. We do not yet kndiw enough about most
systems for resource management.. All too often the cause of some change
such as loss of a species popilation is erroneously assigned to some
immédiate cause rather than to the ultimate cause that may be several steps
removed in the chain of ecological interactions. For example, a species
disappears.and a disesse found to be killing the declining stock is blamed.
Both phenomena may, in fact, result from a change in the circulation of
mitrients in the estuary which is leading to the replacement of one ecosystem
by another, On the basis of the work cited in the Chapters to follow and
with the ultimate aim of understanding enough of the main features of whole
estuarine scosystems to predict the consequences of proposed programs of
action we give next some recommendations for extending our national and
international capabilities in marine ecology and ecological engineering
of the coastal ecosystems., In these recommendations we regard man as a
part of many ecosystems and in commerce with others. The task before us is
management of harmonious systems of man and nature for stab1lity and sur-
vival,

Need for Management of Estuaries as Systems

Any plans for the successful development, management. and regulation
of estuaries of the United States must be consistent with the ecological
and economic principles by which such systems operate with and without
modérn man. Because the systems of the water differ from the systems of the
land in having moving fluid, the land laws do not provide for sensible man-

agement and new laws must be' enacted to recognize the limitations and re-
quirements of marine systems,

Pririciple of the Circulat ihg Body as Management Unit

An estuarine system receives its causal energy from three main sourcess
a) the sun's energy, that enables the plant's food-making processes to support
living components; b) the organic matter from the rivers which supports other
living componentsj and ¢) forces of wind, tidal motion, and current which
circulate the water and with it the necessary chemical substancés, the plank-
tonic microscopic orginisms that constitute the estuarine farms, and the gases,
oxygen and carbon dioxide; whose regular flow is nacessary to all the chemical
ard biological processes of the estuary.

All these processes ¢ontrol both the natural industry of the bay and
the systems that develop when man puts in and takes out materials, Thus the
phosphorus, nitrogen, and other fertilizer elements necessary for the growth
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of microscopic green crops of the estuarine farm are recirculated from the
waste products of the clams, fish, and billions of planktonic enimals (water
flea size) of the area. These biological systems support the gesthetic quelity
of the bays and their margins, regenerste minerals from wastes (even some

from man, but not too mich), and keep the bay systems supplied with adeguate
oxygen. Because of their shallow character, such systems serve as nurseries
for Juvenile fish, shrimp, and other marine forms that meke their fastest
growth before migrating out to sea where they support commerciel fisheries.

* A farm on land stays put and one mey buy or sell its productive
essence. A farm in en estuary swirls with the water. Title to a piece of
the estuary bottom would not confer title to the essence of the bay since it
is swirling and exchanging within its natural circulating unit. The first °
principle, therefore, is that for estuarine management, planning, regulstion,
and development, no plan can succeed unless it first defines the estuarine
circuleting unit as the menagement unit. These units are sometimes defined
by physical constrictions and bars in the estuary; at other times they are
defined by the way the water behaves, forming up and down circulations that
hold plankton and characteristic nutrients as intact masses. The boundaries
. of the wvater masses may be changed by bullding barriers, although making bays
smaller mey diminish circulation energies and thus diminish the productive
power of the system.

As an example, take the Albe_marle Reglonal Planning Program in North
Carolina in 1967. Their maps showed their boundaries right across a marine
bay as if it were a pilece of still land. This is unworkable because any
planning done on one side of the bay will be negated if something contrary
is done to the same circulating water on the other side of the bay. It is
possible to zone marine weters but only if natural units or man-made circulatory
barriers sre used. Any new legislation must allow possession or authority
over units of system circulation if manggement is to be scientifically sound.
For those. systems, which by migratlon export or import shrimp, crabs, and
food fish to or from the open sea, there must be provision for manegement
of the two areas together. Thus the subsystems are tied together into larger
systems. ’

The: Need for Detailed Ecosystem Maps For Each State

Small scale maps were prepered In our state interviews merking some
examples of each type of ecosystem occurring in each state, but making no .
attempt to map them in detail. These maps (Part III-A) suggest the possibilities
for detalled large scele surveys by experienced estuarine scientists and man-
agers in each state, possibly in collaboration with a central team that can
maintain some uniformity in symbols and preseuvtation. . These maps should refer
not only to rigidly fixed systems such ss clam flats bdut should recognize
gyrals of circulation which serve to hold the integrity of plankton ecosystems
end indigenous production. In the same sense that most states have soll maps,
. geologic maps, maps of vegetation, or lend use maps, the coastal regioms need

. these maps of marine ecosystems and subsystems.
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Need for Recognition and Study of New Ecosystem Types

With the creation of many kinds of industrial waste flows, the types
of new merine ecological systems possible are far more than the few represented
by chapters in this report. It was one of the purposes of the state inter=-
views to locate small marine estuaries which might be receiving new kinds of
weste In isolation so ‘that the estuary might provide an example of the kind of
ecological system that develops with each waste. What we found in state after
state was & pattern of many kinds of waste disposal into the same bays and
harbors so that it was not possible to define a case history for seientific
purposes. The search for these should continue. Many waste types such as
metal plating waste and textile dye wastes, whose stream patterns are known,
were not detected alone in the estuaries. The aid of industry in locating
these wastes should be sought. Estuaries receiving waste over a number of
years may have developed workeble ecosystems which can be transplanted. Exper-
ience with these new systems should help other industries with similer wastes.

Need for Lagoon Size Microcosm Studies of New Waste Types

Long used in the laboratory, the ecological microcosm is a small
model system arranged to have the same inputs and outputs of light, temperature,
and chemical flows as real systems in the field. The model is seeded from the
real one and somewhat restricted ecosystems develop, with many of-the basic
properties of the field system. Especially where the consequences of a waste
are initiating new ecosystems or modifying old ones, marine micrcocosm studies
on a scale sufficient to include the fishes should be attempted. Such study
lagoons are being attempted by staff members who heve contributed to this report.
Horton and Hobble operate waste lagoons connecting with the estuary in their
studies of effects of phosphate wastes. Odum, Chestmut, Kuenzler, and associates
operate marine ponds receliving treated sewage at Morehead City, North Carolina.
Rounsefell & associates (Zein-Eldin, 1961) studied a lagoon at Galveston into
vhich copper ore was placed. These approaches allow a test of realistic inter-
actions of whole ecosystems with wastes. Mucrocosms are small enough to allow
'replication for effective statistical vertification of tests and if arranged
with connection to the real bays, they are large enough to have population
pressures from the real system.

Need to Explore New Waste Treatment Processes
by Domestication of New Ecosystems

The treatment of waters and wastes often involves captive ecosystems in
concrete, which 1s an apt description of a sewage treatment plant. With so
meny kinds of ecological systems to consider for waste treatment, why do we
stick to so few types. Why do we not domesticate some more types and help
the self design processes combine species in unique new groups capable of
nevw waste treatment processes for new waste types.

For example, a beach is really a kind of filter bed which has character-
istic organisms that are highly effective in mineralizing and clearing wastes
from beaches. The intake to Marineland of the Pacific, drawing water through
- a beach of coarse sediment utilized an existing system for clearing sea waters.
How about other systems such as marshes, underwater grass beds, oyster reefs,
and so forth?
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Need to Evaluate the Stress of Fluctuating Waste Distributions

The characteristic pattern in Americen estuaries now is patchiness of
meny kinds of poorly mixing wastes, stressing organisms first with one
condition then another. Whereas plants, micro~-organisms and animals can
adapt by physiological change or by species dubstitution to many changes
such as increased temperature, they cannot readily adapt to many special
conditions at once. Wastes that are now released irregularly or into bays
50 as to form lenses and patches may be processed so as to provide steady
conditions to which organisms may develop new and special adaptations. The
importance of the variation in waste releases of one or more kinds needs
to be tested and the stress of variation measured in terms of variety and
ness of organisms that can be supported.

Need to Use Shellfish Coliform Data for Mapping Eutrophication

Becauge of the early recognition of the danger to health of patho-
genic micro-organisms in estuaries being concentrated in oysters and clanms,
there have been extensive monitoring programs in the states with restrictions
on food hervesting from asreas receiving intestinal bacteria from man's wastes.
An opportunity exists to use the pattern of coliform bacterial distributions
as an index to the nutrients which have been distributed at the same time.

Need for Study and Resource Management
by System Rather than by Species

It has been a strong tradition in meny state organizations to make
ecological surveys and consider the processes in a whole bay, often assigning
a state biologist to that bay or region. In the Federal Government until
recent years the organization of research and administration has been species
ortented. This is partly because many biological scientists have been taught
to isolate a species and separate all factors from the problem except the
cne under concern in order to isolate experimentally the effects under study. .
Partly it is because legislators and administrators have been unaware of the
delicate dependence of larger species of fish and shrimp upon the microscopic
food chains and mineral cycles. Partly it is because a generation of fishery
biologists were taught population dynamics of single species based on the
premise that the rest of the environment was a steady property. The single
species approach is important and possibly necessary, but has little predictive
value where, for example, the decrease of one specles is releasing resources
that cause another to increase.

Our surveys cite important data cobtained in recent years by broader
estuarine study programs of the Federal bureaus as well as by the states.
This trend mist be sccelerated. Farmers would understand that the most
mractical way to get good cattle is to develop a good food range and then
channel the food to the desired animals. OQur estuaries are similar. The
most practical way to use the sea's bilological resources is to maintain a good
production range and channel the harvest, whether the food base is algae,
bottom plants, or organic matter flowing down river. The adequate mansgement
of our estuaries on ecological principles may require changes in the structure
of governmental bodies and recruitment of staff with an appreciation of the
systems interactions. Programs organized by system may also correspond more
closely with those of the corresponding state organizations.
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Need for Return Payment to the Estuarine Systen

It is a taken-for-granted principle in the economy of man that
payment is made for goods and services end that such flow of currency allows
each industry of the economy to maintain competitive survival. WNo person or
industry is asked to provide some of its production for nothing since this
would cause it to be competitively excluded. The principle applies equally
to the management of natural systems. Man receives from the bay system and
its components the yield of aesthetic¢ recreational restoration, foods, ser-
vices in processing wastes, and other profits. If we draw on these systems
without returning some exchange of special value to the estuary, we cause
the aspects in which we are expecting continued yield to be diminished. A
formula must be derived by which services that stimulate bay processes, such
as encouraging desirable fish food chains, should be returned to the bay in
proportion to the dollar yield from these bays. Such programs will insure
that the bay becomes part of the economy of man and nature rather than a
mining operation in which the bay soon has no further use for sustaining a
viable coastal basis for human development. The feed back payment principle
is shown in Fig. 1. How much effort is necessary to pay the estuary enough
to encourage more growth of the type being harvested? There are precedents
for this kind of program. For example, some of the Federal laws provide
monies to stimulate sports fishing in proportion to the monies derived from
licenses to take fish.

Need for Enabling Mechanisms for Sea
Harvest and Farming at Least Cost

Partly because of the history of competition of sports-and commercial
fishing, partly because legislators believe that little fishes if left to
grow survive to become as many big fishes, and partly out of tradition, all
kinds of restrictions are placed on the farming and harvest of the waters,
which would seem absurd if placed on the cattle farmer. The way to control
overgrazing is to control the amount of grazing, but not to raise the costs
to the grazer.. If a body of water is assigned to food production, it needs
to be managed for its maximum yields of food. If assigned for sports fishing,
carnivore chains need to be maximized, Estuarine zoning may set up one bay
for sports fishing and another for commercial fishing. Where rescurce develop-
" ment is intended, enough title to that system through long term lease or other
device is required so that large capital ventures can be made in its manage-
ment to include whole bay fertilization, stock management, bottom control,
etc. The shallow seas can be farmed as water systems. Large bays will
require large capitel and methods should be proven on very small bays first.
Our present system of mixing incompatible competing uses prevents us from
attainment of maximum values. Laws to allow management of the estuarine
systems as unite are required. Shellfisheries cannot be managed by them=-
selves since their food is filtered from the estuarine microscopic farms
(organic matter and plankton). The old bottom leasing idea ignored the water
which must be managed with the bottom.

Need to Preserve Scme Locations
with Complexity, Aesthetic Yield, and Water Purity

Where conditons in the estuaries are not severely shocked by changing
water levels, salinities, floods, and other disturbances, some very diversified
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(in species) living systems develop which have great aesthetic value to the
recreation industry. Their associated clarity and purity of waters is due
in part to the complexity of living things which are efficient at mineralizing
many special chemical substances through organismal specialization. There
are the interesting coral reefs in tropical waters, kelp beds in California,
intertidal crops in Maine, and grass flats in many other areas. The variety
of sea life, ofskin-diving pleasures, or of scientific values cause these
areas to be of special consideration since they are easily destroyed with
disturbances. These waters are in the class of National Parks and need to
be set aside in such a way that the waters that bathe these systems do not
mix with the waters serving other uses where there is turbidity, industrial
wastes, insecticides, etc. As more and more freshwaters are dammed upstream
the floods to the estuaries in many places will diminish and then these com-
plex and stable systems may develop in areas that previously did not have
them. :

Need to Manage and Increase
Areas of Estuarine RNursery

In the management of the estuarine margins, the importance of the
marshes, the shallow underwater grassy bottoms, and other shallow waters
must be emphasized since this is where enough light penetrates and is con-
centrated to develop much of the productivity that supports food, sports,
aesthetics, and ultimately cleansing power. The deepening of margins and
the dredging for small boat channels and waterfront bulkbeads essentially
destroy these hursery areas because the waters are then deep and turbid
enough to exceed the threshold for minimum light that scientists call the
ceritical depth. The swirling, estuarine, microscopic farm is choked dead
if the green cells are in the dark too much of the time, just as if a
black cover were kept over a terrestrial farm. There are ways to have both
marinas and nursery margins, such as by cutting marina into new land, but
never at the edge of the bay. In cases of damage already done, regrading
of estuarine bottoms to optimum production depth can restore productivities.
The cost of this may be included in channel development projects as a
necessary payment back to the bay for the special service extracted.

Need to Manage the Total System of Land and Water

The requirements of manasgement of the circulating estuarine water
systems are diverse and must be oriented towards many productive aspects
of the economy. The past tendency for one user group to gain full control
of a bay without due process and ruin it for other uses needs to be pre-
vented in the future by placing regulation and development on a body which
is charged to develop the water system for optimum pattern with the lands
surrounding. Presently the development of land systems without incorporating
the water systems is a conflict of interest in which the public's rights are
being given away often as means for attracting industry. Since the states
are competing for industry and since the destructive navigational dredging
programs are_F%deral,“some Federal action may be necessary. However, develop=
ment needs the kind of private enterprise one associates with industrial-
governmental-agricultural collaboration’'in terrestrial farming. State
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enabling laws are needed for full development of all the aspects of the
estuaries. Regarding the bays as a development and design responsibility
will go a long way toward making state boards of Conservation and Develop-
ment do positive things to their estuarine resources instead of following
the policy sometimes developing by default of encouraging their destruction
by permissive attitudes towards industries on land.

Need for Developing Some Kind of Ecosystenm
for the Multiple Pollution Harbors

In the heavily polluted harbors and urban waste centers found in
most states, the nature of the ecological system is uncertain. Studies
on the Black Sea, summarized by Kriss, show that a workable productive
ecosystem can develop on top of an anerobic, bacteria dominated decompo-
sition pool. With toxicities, fluctuations, and substances of new types,
the harbors may not now exhibit such harmony of self processing of wastes.,
What can be done with these areas? At what level of waste disposal is a
functional ecological system able to mineralize? What organisms may be
preadapted to such a system? What is the relative cost to the nation of
utilizing the harbor waters as decomposition ponds as opposed to con=-
struction of waste systems?

Need to Use the Wave, Tide, and Current Energies

Compared to many environments, the estuaries have high productivity
of plant and animal growth which may be due partly to high physical energies
absorbed from tides, waves, and wind driven currents. The estuary provides
means for converting some of this energy into the work of recirculasting
minerals, larvae, and food substances, thereby raising the levels of total
yield., The amounts of these energies that are contributing to the estuarine
resource have been measured rarely and the potentials which are available
for estuarine management little considered relative to the biological and
human uses of the coasts. Research fodus is needed to map these energies
and relate to their productivities, capacities for waste receival, and other
aspects of the systems as a whole. An inventory of energy budgets, including
all sources of energy contribution and stress loss, is ‘a means for generali-
zation and management of the whole systems.

Need to Utilize the Competition of Ecosystems

That alternative formulas exist for ecosystems in the same area has
long been known by those designing fish ponds. ©Small differences in the
processing of fertilizer nutrients, manipulation of turbidities, and bottom
changes can convert a plankton based food chain pond to a pond whose food
chain is based primarily on bottom attached plants. Systems tend to main-
tain their own type by recycling their characteristic nutrient ratios of
mineral elements, by supporting larger animals that have behavior programs
for eating members of alternative systems, and by other mechanlsms.( In the
management of estuaries we have to learn under which conditions one’system
displaces another and by what means one system can exert negative influences
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on ancther. There is the promising possibility of manipulating the control
members of these systems so as to develop the system desired.

Need to Test the Pulse-Reproduction-Migration
Theory for Use in Management

Tested in our state surveys and chapters is an ecological hypothesis
that explains many complex patterns of estuarine biology and provides a
predictive basis for planning and management. In the course of a year there
ig a rise and fall in the intehsity of energy inflow to an estuary as light,
organic matter in rivers, and other sources such as waste. A system which
becomes adapted and remains gtable in a varying regime tends to program its
reproductive activities and its migrations so that they correspond to the
pulse in food availability at any point in the food web. Even the salmon
migrations begin to make sense when one notices that the young, in the most
critical periods of growth, are found in estuaries and other bodies at a
time when the foods available to them are maximimized., The further north
a system is found the greater is the seasonal pulse and the greater the role
of pulsed reproduction and migration. The entire system of shelf and oceanic .
fisheries slidesnorth and south in response to the pulse of the production
system and tap outgoing stocks from the estuaries, thus coupling all into a
world-wide system of the seas. Many bilologists find coordinated patterns at
the large ecosystem level difficult to comprehend because their training
has been with the organism first, the ecological system beiiig "whatever the
organisms do." We would describe the system differently; bécause of the
mineral cycles and the programmatic patterns long since built into the seas,
organisms are present which fit the system. They fit the pulse of energy
well enough to maximize the total possible energy utilization. The addition
of waste release regimes must be compatible and steady so that dadaptations
are allowed to develop or be retained.

Need for a Federal Role in Research
and Development Coordination

Whereas the management of particular ecosystems is well established
in state resource management organizations, an opportunity exists for a
Federal role in assigning its special grant and contract funds so ds to
cover the main kinds of ecological systems, at the same time distributing
regionally the work load along natural lines. For example, if efforts are
assigned in areas where systems are prominent, Georgia and Iouigiana might
do marshes and oligohaline systems, Florida the mangroves, Puerto Rico and
Hawail the coral reefs, Maine the rocky inter-tidal system, Texas the hyper-
saline system, California the kelp system, Alaska the fjord systems, South
Carclina the oyster reefs, North Carolina the beach systems, etc, etc.

Need for Systems Simulation of Each System Type \

For each system, there now are energy and chemical flow diagrams in
verious degrees of detail and accuracy which permit computer simulation of
proposed changes in input conditions. The procedure at our present state
of knowledge may be summarized as follows:
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Based on field data and knowledge of the species an energy diagram

is drawn showing principal pathways of food, work, and controlling chemical
flows. The standing quantities in storage in various populations, waters, and
muds are indicated. These storages are called compartments. The flow along
each pathway is stated in a computer program as proportional to the concen-
. tration upstream in the flow diagram. Growth is programmed by feedback from
storage to flow. Some daily or seasonal patterns of inflows and outflows for
the system are programmed. The program is run and the interaction of all the

statements provides graphs with time for all the compartments. These graphs
are compared with observed patterns. The discrepancies indicate difficulties
in the energy flow model so that it may be modified and tested again. The
simulation thus provides a means for testing the consistency of knowledge »
about the parts with observations about the behavior of the whole. Simulation
of one representative example of each type of ecosystem should be attempted
now. Tt may be modified according to specific problems when a realistic
program is developed for each system type for purposes of prediction of
possibilities. \ ’

~ Need for Compatible Use Plans and
Estuarine Barrier Zoning

Because of the mixing aspects, an estuarine unit is defined by the
circulation of water and minerals. Plans for use must separate and combine
users and uses so that no incompatible uses are operated in the same bay.

Thus shipping, bilge waters, poisonous copper bottom paints of ships,
industrial wastes, and continuous dredging are not compatible with aesthetic,
fishing, food, and purification aspects and should be isolated by barriers

so that the waters do not mix, The hot water from large power plants takes
the life out of the watexr that passes through and thus destroys the planktonic
estuarine farm. This use may be compatible with the industrial uses but not
with the aesthetiec-biological ones. The values of the bays are large; for
example, about $370/acre per year in Corpus Christi Bay (Texas) in 1960. No
one user claimed a preponderance of this value. Proper management may allow
some systems for each purpose., The biological-aesthetic ones require large
areas of sunlight as do farms. The industrial ones can be concentrated in
small bays and channels in the same way that industrial cities are channeled.
Water from one must not be circulated into the other. Plans like the following
need consideration, '

A Zoned-Sector Plan for the Multiple Development of Marine Bays#¥

V 4 He Te Odun .
*This section was distributed as a circular during legislative discussions in
Texas in 1960. Although the examples are from Texas, the zoned sector plan
is general. ’

"This is & proposition for & zoned sector plan for the maximum,

multiple development of the marine bays of Texas. With over s
million acres of bays behind the beach lines, Texas possesses vast
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and fertile shallow lagoons. Development of the investment and
resource use is accelerating over this new frontier but
competitions and cqnflicts are already retarding progress.

"The value of the bays in their present partially-developed
state is already asbout $370.00 per acre per year as estimated for
the Corpus Christi area by Anderson (1960), but the potential values
are much greater. In Table 1 are cited present value estimates
from Anderson's study.

"Many potential uses and users are excluded because there are
no means and mechanisms for permitting harmonious co-existence of
state, federal, corporate and individual enterprises. Especially,
are there difficulties in acquisition of titles and leases to
underwater lands; no agency, no laws, and nc authorities are
sufficiently broad to cover the multiple aspects of use.
Consequently there are no broad plans for maximum development.
Instead pressures develop between groups with efforts made to
exclude competing users from the bays. Some of the specific uses
and some of the conflicts between users are cited in the recent
report on Texas Natural Resources by the Houston Chamber of Commerce.

"In Table 2 are listed some examples of the controversies and
conflicts developing in Texas recently. From the data on values in
Table 1 it is clear that no one interest is of such overwhelming
importance to the general economy to permit exclusive use of the
bays. On the other hand locally one user may have sufficient
concentration of effort and investment and value yield to justify
8 local dominance., What is needed is a plan to permit the best
possible multiple use.

. "The proposed plan is based on a partial separation of users and
investment leases based on zoning according to the nature of the

activity and its effect on the water. By associating those users

that can most readily be located together without conflict, maximum

benefit can be accrued to the public good while allowing all

users some right and position. The overall plan is pictured in

Figure 2,

"In sector 1 are located those users of an industrial
nature whose operations tend to be harmful to the tourist, fishing,
and sports activities. This sector is for industrial use,
maintained in deep channels for navigation. Dredging is permitted
here for navigation and shell. Waste disposal is received here.
Cooling waters are taken from this sector and retwurned to the sector.
The waters of this sector will tend to have minimal life., Fouling
of ship bottoms and cooling intake pipes will be minimal. Harmful
effects of wastes, bilge waters, copper from ship bottoms and other
activity will be restricted to this zone. The discharge from this
zone will be directed toward the open Gulf as much as possible
leaving the other sectors little affected.

v
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Table 1. Dollar per Acre per Year Estimates of the Bays in the Corpus
Christi Area (from Anderson 1960) ’

Annual Dollar
Per Acre Values
Industrial _

Navigation ' 6k
.0il and Cas 124
Cooling 10
Waste Disposal ?
Shell 5
Sub Total ' 203

Use Based on Biological Food -

Tourist, Sports : 130
Local Residents . . : o1
Commercial Shrimp 13
Bait Shrimp _ 1.3
Fin. FiSh 0.3)4_
Crabs and Oysters _ : 1
Sub Total ‘ T

Total 370
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Table 2, Some Conflicts and Incong'uities' in the Marine Bays ot Texas

Proposed law to lease bay bottoms at a few cents per acre per year for real
estate thus taking value away from present users such as shrimp industry.
Propositions to exclude nets by sports interest.

Proposition to exclude bay trawlers thus putting smaller boat trawlers out
of business.

Condemnation of bays for commercial oysters due to sanitary pollution and
inadequate control of waste disposal.

Argument as to responsibility of shell dredgers in restoring former reefs.
Payment of money to restore reefs while live reefs are being dredged.

Accusation that bait shrimpers and bay trawlers are taking shrimp stocks
while too small instead of weiting for greater value later,

Dredging of navigation channels through rich nursery grounds.
Fight over title to spoil islands.

Argument between oil companies with pipe lines in shell areas and dredgers
of Shello

Conflict between duck grounds and dredging of grass flats.

Stopping freshwater upstream affecting salinity, especially oysters dmmstreem
in the bays.

Disposal of chemlcal wastes in conflict with needs of fishing and tourism.
Argum\ents over effects of passes and new channels on sports fish.

Fights over waterfront right with tide lines varying and in doubt.

Arg;men’c over treated wastes and their fertilizing effects.

Proposed use 6f marine bays as freshwater stora.gé to eliminate present uses.

Efforts to increase tourist industry while dredging and pollution eliminate
the nearby tourist beaches and fishing grounds.

Attempts to develop & beach facility downstream from attempts to accelerate
industrial development.

Conflict over nulsance and odors of excess algae and needs for disposal of
treated municipal effluents.
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“Sector 2 is the low salinity sector to contain the mouth
of the river. Such water as may be allowed from the overall river
basin plans upstream will thus be conserved in a relatively small
area to permit an oyster industry and live oyster reefs so
attractive to sports fishing. Oyster reefs of Texss must have
brackish salinity. The oyster reefs are realigned into neat rows
across the current for maximum growth, for ease of management, lease,
and access and also to permit removal of dead shell from the inter-
reef areas. This sector will be turbid due to river contributions
and dredging and will not allow maximum light penetration necessary
to best growth of fish food and shrimp larvae. Being of moderate
depth the area will maintain populations of larger species =~ °
migrating from shallow areas. Some nutrition te the food chains is
derived from the river inflows. A zone in this sector should be
reserved for netting and trawling of boats too small to work
regularly in the Gulf. It is a premise of this plan that none of
the marine resource users can or should be excluded from the public
resource by some other group with more political power. Instead
conflicts or imagined conflicts can be solved by zoning to provide
adequate area for cach user large and small., B

" Sector 3 is the shallow clear nursery sector. Both
polluted waters and the turbid river waters of varying salinity
are excluded from the broad shallow areas, so tbat rich beds of
grass mpay develop with maximum plant growth and nutrition for the
food chains that provide maximum yields of fish, erabs, and shrimp.
Part of this area is arranged and leveed for aguatic farming leases
for underwater grass for cattle and shrimp, crabs, food fish, and
 Tish for the animal. food industry. Another part is reserved as an
inviolate nursery sector for the offshore shrimp industry.
Although the eggs are believed deposited outside, the microscopic
larvae come into the nursery grounds to grow up before going back
out into the Gulf where they are caught. This sector is also for
duck hunting since grassy areas are part of food attraction.
The shallows allow blinds to be put up. : . )

Administration of the Plan

"No existing agency except the legislature now has the
breadth of authority and interest to initiate a positive program such as
required by the times for the full development of the sea frontier.
Some kind of enabling action by the legislature is thus the first
step. Some appropriation and fiscal structure will be necessary
as well as some engineering division for construction and
maintenance, The unit for planning must include the whole of a
bay system if the zoning is to be effective in separating
conflicting users. Tt may be that 8§ bay marine resource
development districts (Sabine, Galveston, Freeport, Matagorda, San
Antenio Bay, Corpus-Aransas-Copano, Upper Laguna-Baffin, Lower
Laguna) can be formed corresponding to the 8 natural areas.
Another alternative for administration may follow enabling
legislation to permit users of harmonlous association to qreate
their own barriers consistent with overall zoning. In any case
Some way must be found to permit the same kind of enterprise in
the marine waters as on the land. Tt goes without saying that the
jdealized plan in Figure 2 does not fit any particular bay exactly "
and that the zoning and barriers must be adapted to local situations.
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Difficulties

Where tides are small, dividingvbdyé with dikes diminishes circulation,
causing silting to more shallow depths, and some data suggest that producti-
vities are reduced. Zoning needs to be arranged without eliminating the large
circulation energies of wind and tide or preventing access of migrating popu-
lations.

. Zoning Example, Georgia

The possibilities of Marine Resource Zoning are illustrated by Fig. 3
supplied by Eugene P. Odum, University of Georgia, from some discussions
underway in 1969, A general statement of Marine Zoning ideals was given by
E. P. Odum (1968), Since productivity of above-water marsh grass is so
great, it was proposed that the productive heart of the tidal marsh be re-
served against other exploitation as a "marsh bank" in the same sense as
the federal "soil bank" program, See dotted loops in Fig, 3.

Need to Utilize Natural Experiments

In the mansagement of large estuaries, manipulations are very expensive.

If action programs are instituted they should be identified as an example of
a class of actions and studied before and after the change so that we obtain
guidelines for future propositions of this classs For example, James T. Darby
and Clair P, Guess of the South Carolina Water Recources Committee have writ-
ten us of the upcoming opportunity to compare an estuarine system in South
Carolina with and without a heavy river discharge, The Santee River which
has been discharged through Charleston Harbor since 1941.may be soon returned
by engineering projects to its former channel further north to decrease
silting, Will total food harvests and recreation yields increase or
decrease? Another example is the bypass ship channel into New Orleans through
oligohaline Lake Borgne. Whereas over a hundred thousand dollars of federal
funds were spent on studies before dredging and duly reported, where are the
published details of the conditions which exist now after the canal was
dredged? The piecemeal, immediate - crisis approach in federal agencies
under the guise of economy is costing America large sums. The opportunities
to find answers applicablé to managsment of each class of ecosystem problems
is lost because budgetary subdivisions sometime do not recognize it as their

responsibility to follow through with published before-and-after comparisons.

Need to Mix Organisﬁic Biology with Systems Synthesis

, Represented by the new book by Green (1968) on the estuarine animals or
by the Organismic Biology Research program at the Marine Biological Labora-
tory at Woods Hole, Massachusetts are studies of important spscies and their
role in the ecolog1¢al system. . They include life cycles, distributions,
seasonal regimes, food habits, predators, and responses to various factors as
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tested in laboratory controlled experiments such as temperature, salinity,
photoperiod, wastes, etc. In some examples where the diversity is small as
with gribbles boring in treated wood, the organismic biology includes much
of the ecosystem, but in complex systems such as coral reefs the single
species study involves a small energy fraction and does not provide pre-
dictability about the organisms in nature because their interactions with
each other, their mineral cycles, and food chains depend mainly on other
species. The organismic approach has & long honored tradition and there is
much more to be done to understand even the species which are of sports and
commercial interest, but the management of the ecosystems requires an under-
standing of the behavior of the combinations interacting and it is the direct
experimental study of the system that may be the important focus needed.
This may be done by adding specialists in systems synthesis to the species
teams, The Smithsonian Institute's efforts to add ecology to its species-
oriented traditional approaches is an example of this approach in recent
yoears.,

Need to Program Man's Estuarine Interactions
Over Longer Periods and Wider Areas

The self-designing feature of ecological community adaptations are
contimicusly demonstrated along the coasts as populations in one area make
temporary excursions and invasions of areas outside their main range in larval
swarms and individual migrations and as temporary colonies. The greer erab .
and blue crab in Maine make inroads and take losses that are in part correlated .
with temperature, The eastern oyster makes northward invasions into the vici-
nity of Cape Cod in some years. The areas of substitution of one species
for another in the same niche or the division of one niche among more than
one species may expand and contract from one year to another in response to
weather variations or a wave of effect spreading from population-dense areas.

Our present means of planming, authorizing research, and concocting
action programs may respond in a too sensitive manner to the rise and fall
of biological stocks in local places. Local changes in patterns over a
20 year period may be reasonably normal and predictable at least statisti-
cally, Many natural stocks provide for such variability with large year
class storages. Man's planning, his capitalization of fisheries and re~
ereation investments must also provide for long range stability. This can
be done by larger storages to even out local variations, by coupling local
utilizations to each other over larger geographical distances in the same way
that the natural populations are coupled by shifting stocks in migration.
Zones of central virility may move as needed distributing the gains and
ligbilities over larger areas and times as one does insurance.

Need to Unite Scientific and Economic Approaches

C.s Py Snow's two intellectual worlds, one of natural scientific
tradition and one of social science tradition need to be united by training
more people in both traditions each learning languages. of the other well
enough to use them, Better yst the new trainees should learn both. In
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our survey we find documents from the two backgrounds like two different
worlds, dealing with the same estuarine .resources sometimes quoting each
other in a perfunctory way, without really using the results., For example
the book on Ocean Fisheries by Christy and Scott (1965) or the coastal
plains economic study by Hite and Stepp (1969) attempts to understand
fisheries as an economic system, without the biclogical system showing,
This has as much chance as the converse study of biology of fisheries
systems irithout including the inputs and outputs of man's economy. They
are both parts of the same system. In this study, our original proposal
authorized some synthesis of the economic and ecological, but the administra-
tive requirements for specialization caused an amendment to be issued

later eliminating the economic synthesis from our eoffort. One cannot
understand systems by breaking them up into parts unless one also has
quantitative ways and a large cxpensive effort at putting the parts together
apain, 7

Energy-Dollar Calculation

In addition to these dollar values we estimate the value of the work
the ecological system is doing outside of man's dollar economy. With pro-
ductivity and metabolism at about 5 g dry matter/m2/day and 4 kecal/g there
are about 29 x 107 kcal/acre/year of work processed in maintaining a use-
ful part of the earth's life support. At our approximate rate of 10,000
keal work per dollar, the equivalent money value is $29,000 per acre per
year, As life support systems become scarce we might ponder the meaning
of these high values.

Systems Analysis and Total Systems Study

Finally, ten years after its use in other fields, there are effective
beginnings in the systems analysis of estuarine systems. One might cite the
Stanford papers on simulation of production and oxygen patterns from
knowledge of component processes (MeCarty and Kemnedy, 1967). The versa-
tility of systems analysis approaches is suggested in Figure 4.

Showing through simulation how the parts produce the patterns of the
whole may help with management of the species as parts as well as of whole
estuaries. However, the study of whole systems may not necessarily require
this kind of systems analysis that isolates the parts and resynthesizes
theme Soon for each type of system general organization, structure, and
temporal behavior are learned. We may learn to recognize and predict the
responses of whole systems to various treatments if they are considered by
type as defined in our report. A systems analysis of the parts may then be
replaced by knowledge of overall performance for each class of system.
Often the program of the whole is what is required for management. We return
to our theme of classifying the coastal ecological systems including those
resulting from human participations. Through kmowledge of the behavior of
ecological systems, can we not plan for and manage a better biosphere?
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1, System is divided into parts
by area, species, process,
storage category, energy
process, or other basis about
which some eguation can be
written (boxes)ouoccnoo-lc-..ooan"

0. .' & ‘% / N

W e
pt®
.

2, Flow processes are diagrammed and
equations written for each., Flows
may be components, sequences, mat-
erials, energies, mathematical terms,
dollars, correlation coefficients, or
other quantities (flow lines).

3s For successive time intervals, starting with some initial
storage conditions, the storages and rates of flow are eval-
uated and graphed with time for comparison with the observed

measured real world,

Fast computers make this useful,

Fig., 4. Systems Analysis.
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Part V

Chapter A-1

ROCKY SEA FRONTS AND INTER-TIDAL ROCKS

Rocky sea fronts and rigld man-made surfaces that stand ageinst waves
in the inter-tidal zone develop characteristic attached ecosystems in bands
above and below the water level. Breaking waves, intermittent exposures to
heating and drying, and problems of maintaining two regimes of gas exchange
dreain energies from other potentials by requiring special adaptations for
mere existence. However, the moving water providesrenewal of mutrients and
food, aeration, and partial protection from carnivores, adaptations which
maintain dense masses of animals. The balance of special conditions associated
with the water level produces characteristic bands of attached organisms such asg
algae, mussels, limpets, chitons, and urchins in crevices (Figs. 1«4). The
rocky sesa front hes some properties in common with the high velocity surface
systems (Chap. A-3) such as high metabolic rate and concentrated food flows,
but the inter-tidal surfaces have zonation associated with verticel light
fields, frequency of wetting,amount of spray, hours of exposure to underwater
food and carnivores, and wave swashing of. filamentous algee that act as a
scouring broom. Communities may develop on rocky shores built by geological
processes or on celeareous surfaces built by the plants and animals themselves.

Varistion and species substitution occur with latitude as tide and
air mess exposures chenge, although the varistion in the form of the encrust-
ing systems on rocky coasts mey be less than in more uniform environmental
situations. Periwinkles, for example, characterize the upper splash zones.
Small Littorina ziczac on tropical sea fronts is replaced farther north by
other species of the genus. ‘

. Like marshes the intertidal rocky subsystems mey be importent to the
producing, consuming, snd cycling components of the estuary. In the United
States the intertidal sea front is often a neglected resource with potentialities
for greater use of algal beds and mussels, and for the trapping of fish and
crustacea that move into these beds with the tide.

EXAMPLES
Cool Sea Fromts of the West Coast

Hedgepeth (1967) provides a diagrammatic view (Fig. 1) and an introductory
account of rocky shore zonstion. Fig., 2 from Kirk (1962) shows other views
of principal members of rocky shore ecosystems from the Washington coast.
Principel members from the southern California coast are shown from Emery (1960)
in Figo 3. :
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-Rock louse

5 Limpet

g Acorn barnacle
W Feriwinkle

o2, Rockieeds: Fig. 1. Pacific Coast rocky zonation
- SR Pelvetlopsis (From Hedgepeth 1967b).
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Fig. 2. Rocky Coast animals of the Washington coast (From Kirk 1962).



Some common
plants of rocky shores in south-
ern California. 1, wave and
spray zone: A, Ralfsia sp.
(% 0.04).

11, high-tide zone: B, Pelvetia
fastigiata (J. Ag.) De Toni
(x0.09); C, Endocladia muri-
cata (P. & R.) J. Ag. (x0.5).

111, midtide zone: D, Gigar-
tina canaliculata Harv. (% 0.15);
E. Gigartina leptorhynchos J.
Ag. (X0.15); F, Corallina van-
couverensis Yendo (X 1.5).

- IV, low-tide zone: G, Gigar-
tina spinosa (Kutz) - Harv.

(x0.04). H. Gelidium cartila-

gineum var. robustum Gardn.
(x0.15); 1, Phyllospadix torryi
S. Wat. (x002) (habit); J.
Egregia laevigata Setch. (X 0.1).
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L Some common
‘_IVanimals of rocky shores in

Fige 34 Rocky shore
animals and
plants (From

southern California. I, wave
and spray zone: A, Littorina
planaxis Philippi, periwinkle
(x1); B. Acmaea digitalis Esch-
scholtz, limpet (%0.5).

1L, high-tide zone: C, Littorina
scutulata Gould, periwinkle
(x1); D, Acmgea scabra
(Gould), limpet (x0.5); E,
Balanus glandula Darwin, acom
barnacle (x0.7); F, Teguia fu-
nebralis (A. Adams), black tur-

Emery, 1960).

ban (X 1) claws of Pagurus lp.,’
hermit crab protruding; . G,
Pachygrapsus crassipes Ran-
dall, common lined shore crab
(x0.15).

H1, midtide zone; H, My-
tilus californianus Conrad, Cal-
ifornia sea mussel (x0.15); I,
Nuttaling californica (Reeve),
California chitin (X 0.3); J, Mo-
palia muscosa (Gould). mossy
chitin (x0.3); K, Mitella poly-
merus (Sowerby), gooseneck

barnacle (x0.25); L, Balanus
tintinnabulum (Linn.), red and
white barnacle (x0.25); M,
Tetraclita squamosa rubescens
Darwin, thatched barnacle
(x0.25); N, Bunedactis elegan-
tissima (Brandt) (x0.15).

1V, low-tide zone: O, Antho-
pleura xanthogrammica (Brandt).
‘green anemone (x0.15); P,
Spirorbis sp. (%3). Q. Stron-
gylocentrotus franciscanus (A.

Agassiz), red sea urchin (x0.35);
R, Astraea undeosa (Wood), top
shell (x0.15).
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In a middle section of the zones of attached organisms at Pacific Grove
California, barnacles and sn atteched red alge, Endocladia, predominate (Fig. fL)
Glynn (1965) defining this zone as & subsystem for purposes of study, considered
its structure, food webs, and overall processes. Focd available to filter
feeders such as the barnacles was estimated by season (Fig. 5). This zone
vas exposed between 46 and 95% of the time (Fig. 6). The herbivores and
carnivores of the rocks were found to move across the zone with the tide,
providing energy drains as well as regulatory actiops for only part of the
tidal cycle (Fig. 7). Total plent tissue (standing crop biomass) representing
the balance of photosythesis by the algae and loss to the consumers showed a
pulse in the spring when light and mutrient conditions were best, The most .
active part of the life cycle (Fig. 8)was in the spring. and the nitrogen content
per unit of algel tissue was diluted at this season. Photosynthesis occurred
in and out of the water but decreased when the plants dried out of water.

Based on these and other measurements and experiments a diagram of biomess
and food flows for the system was drawn (Fig. 9).

One of the characteristic species at Pacific Grove was & tiny bivalve,
Lassea cistula, which showed contimuous reproduction in the rather narrow
range of temperature characteristic of the region (Fig. 10), but with a
pulse)corresponding to the pulse of light (slightly leading the temperature
pulse). .

As represented in Fig. 11 from Reish (1968) piling in more sheltered
waters, in the shade of wharves, or in turbid inshore waters, may have animal
components predominating over elgsee.

Jetty Rocks of the Gulf Coast

Firm rocky surfaces on the Gulf coast are mainly the man-made rocky
Jjetties, such as those at Port Aransas, and Galveston, Texas, which have a
high seasonal range of salinity and temperature. Patterns of zonation
according to environmental factors were studied by Whitten, Rosene, and
Hedgepeth (1950) and Hedgpeth (1953). The tidal range, the wave amplitude
and the seasonal shifts in mean sea level are all of the same order of magnie-
tude: 1 to 4 feet., As shown in Figs. 12 and 13 zones of different orgenisms
are narrow in the inter-tidel region, grading into associations including
Arbacia urchins, characteristic of high velocity surface systems (See Chapter
A-3). Whereas the green algae at the surface show some increase every spring
with increase in light they are kept in check by grazing of the periwinkles
and other organisms. The green algsa, Ulva Ulva, was found to dominate the south
Jjetty st Tuxpan, Mexico in 1958 in waters subjected to freshwater stress and
city wastes. .

Inter-tidal Algel and Mussel Beds of Maine
As one moves northward on the Atlantic coast, geological formetions

in Messachusetts shift from sand to rock and tidel ranges incresse from 10 to
20 feet or more. Exposed in vearying degrees, the much dissected coast of
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BALANUS GLANDULA | ENDOCLADIA MURICATA 157

901

8.0 1

A
s
X
u

“UPPER LIMIT"

A"MEAN HEIGHT- | MEAN
W :.'.'......: wlDTH

HEIGHT ABOVE MLLW (FEET)

HEWATT

1 1947) ,
+1.0 (1947 | GisLEN

(1944)

Comparison of the vertical ranges of B. glandula and E. muricata at the
Hopkins Marine Station as established by various workers, with the vertical
position of.the 16 quadrats collected from the Endocladia-Balanus association.
Upper and lower limits represent the over-all vertical range of the Endocla-
dia-Balanus association’in the vicinity of the quadrat sites.

Fig. 6. Tidal relations of the barnaclesalgal zone
(Glynn, 1965).

¢) SUBMERGED AT HMIGH TIDE

7 BLACK TURNSTONE

¥X DPTERA

4 LI‘TD.II! SCUTULAYA

© 7yrguLa FunearaLis

© whELxs (acaNTiina, THAS)

S £a09cLADIA-8ALANYS ZONE

Movement of some transient species into, through, and above the Endo-
~ladia-Balanus level during a rising tide. ’

Fig. T. Movenents of some carnivores with rising tide
(Glynn, 1965).
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Carpogonium

spermatia’
9 GAMETOPHYTE(n) veey
Y
) - Spermatangium
& GAME TOPHYTE (n)

meiosi

d
tetraspores(n)
Q\L
s

TETRASPOROPHYTE (2n)

Major events in the life cycle of E. nuiricara, as adapted from KyLin (1928).

Seasonal variation of E. muricata (dry weight) for study areas I, II, and
II1. Each monthly figure represents combined data from three field samples.

Month Standing crop biomass
g/ 2,034 cm® g/m? Seasonal average g/m?

April, 1959 44.9 221

May, . 35.7 176 SPF;%“G
June, i 348 1 1

July, " 31.0 152

Aug, . 29.7- 146 SUI‘I‘;';ER
Sept., " 17.4 85

Oct., . 25.9 127 :

Nov,, ' 19.0 93 AU-I;I; MN
Dec., » 8.3 41

Jan., 1960 240 118

Feb. " 12.6 62 W";;TER
‘Mar., ” 11.7 58

Fig. 8. Reproductive cycle and seasonal record of
growth of red algal dominant in barnacle-
algal zone (Glynn, 1965).
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INTERTIDAL ZONATION

—Chthamalus fissus

——Balanus amphitrite

——Balanus amphitrite

—Chthamalus fissus
——Balanus crenatus

Y—Mytilus edulis

F#—Chthamalus fissus

—Bugula neritina
XEN—Mytilus edulis

2 V34— Styela plicata

—Bugula neritina

—Styela montereyensis
—Mytilus edulis

RN - Low tide zone
s3n 0872\
D

'&"‘Jﬁ Jéz

Fig. 11 A, Intertidal zonation in Alamitos Bay (From Reish, 1968).
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Settlement and Growth Rate in a Population of Mytilus colifornianus
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Weight in grams 300
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m—l
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((+]
)
29

Time: June 1960 ( %0) to June 1962 ( %Z)

Graph showing settlement and growth rate of a population of Mytilus californianus in Ventura County
Marina, California

Fig, 11B. Succession on a California.jetty (Heish, 1964a).
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Diagram representing zonation on concrete piling and jetties at Port Aransas, as observed on
November 29, 1948, and May 21, 1951, with the predicted tide curves for the two-week period
preceding observations superimposed.

Fig. 12. Zonation in western Gulf of Mexico where tidal
range is small (From Hedgepeth 1953).
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Schematic diagram of relationships of intertidal jetty fauna with climatic
zones and latitude. Characteristiz members of the fauna are indicated.

Fig. 13. Compariscn of intertidal zonation in the western
gulf. Northern Jetties receive large varlations
in salinity, whereas those further south have
higher and more stable salinities (Whitten, Rosene,
and Hedgepeth, 1950).
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Meine with its inlets end archipelagoes, has a large representation of the
i{ntertidal rocky ecosystem made up of heavy beds of brown algae, beds of mussels,
end such carnivores as starfishes, green crabs, and lobsters that move into

the system whep it is inundated. The mussels filter the products of plankton
systems from the water and regenerate nutrien't;s among the algal beds which,
after photosymthetic growth, return organic matter to the plankton systems
bathing the rocks. Chapman (196L4) provides diagrams from Lewis of similaxr

beds in England (Figs. 1k and 15). Chlorophyll a content of the various

layers 1s given in Tables 1 and 2 from Gifford and E. P. Odum (1961).

Tropical Atlentic Intertidal Rocks

On Margarite Islend, Venezuele (Fig. 16) zonation is presented by
Rodriquez (1959) &s shown in Figures 17-19 and 21. Here salinities are high and
vary little., Whereas ecosystems under water were tound to be tropical,
diversified, and very different from those in temperate latitudes, inter-
tidal zonetion was similar to that of temperate regions having few species
at a time and with periwinkle, barnacle, red slgee and urchin zones. Some
niche substitutions were observed. In Fig. 18 the stressed outer zones were

characterized by the green alga Ulva, whercas the less exposed surfaces had
other algse, Zonation data for Tropical Africa are given in Figs. 32, 34, and 35.

Tropical Pacific Intertidal Rocks

Doty provides information on zonstion on intertidal rocks in Hewaii(Fig.20).
Similar data are given for the West Coast in Figs. 29 and 30.

Exsmples of Imbtertidal Surfaces Affected by Wastes

The green alge Ulva may be characteristic of harbors that are heavily
affected with wastes such as sewage that constitute a fertilization as well
as & stress in oxygen variability and other properties. When Eniwetok Lagoon
was receiving heavy shipping Ulve and Entercmorpha developed on intertidal
surfaces, These algae were also prevalent in waste-laden San Juan Harbor
in 1963, and McNulty, Reynolds, and Miller (1960) reported their distribution

on rocks and posts the vicinity of the sewmge outfall into Biscayne Bay
near Mismi, Florida ‘See Figs 22 and 23).

The encrusting, attached ecological systems of the rocky sea fronts
form a steady state, with algae continuselly growing and being grazed back.
The system has considerable ability to groom, clean, and mineralize substances
that tend to be deposited on the rocky surfaces, For example, Cersme-Vivas
. (1968a) reports that rocks around Sen Jusn, Puerto Rico experienced fairly

rapid return to normal after a large oil spill there.

DISCUSSION
Exposed versus Sheltered Sea Fronts
Sea front ecosystems receiving heavy wave action with spray undergo

some energy draining destructive action but may be better protected from
intertidal heating and drying than those of quieter coasts. Several authors



Tables 1 and 2.
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Chlorophyll in intertidal algal zones of New England
(Gifford and Odum, 1961).

TasLE 1. Average chlorophyll a in four zones in
the intertidal regign.

No. of Mean Standard
Zones samples (g/ms) deviation

1. “Black” (100%
coverage)® 25 0.80 = .009 0.48
“Black” (63%
coverage)® 25 0.50
.. Barnacle (100%
coverage ) 52 0.27 + .001 0.19
3. Fucus-Balanus

(5]

(100% cover-
age) 50 1.47 = .051 0.86
4. “Seaweed” :
(100 ¢, cover- :
age) 50 - 1.04 = .009 0,68
Mean of all zones 175 0.82 .52 -

® Two values are given for ‘“black” zone—one is the
concentration within the patches of algae and the other
value is average concentration for the zome as a whole
(which is not completely covered by plants),

i ~

TasLE 2. Inter-zone comparison of chlorophyll
content in grams per square meter

Zones S.E. of
compared® difference differences t P

1vs. 2 .23 .03 74 >.01
Ivs. 3 87 12 7.2 >.01
1w 4 54 14 39! >.01
2vs. 3 1.19 13 9.6 >.01
2vs. 4 76 .03 246 >.01
Jvs. 4 43 .16 2.8 >.01

® See Table, 1 for names of zones,
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have diagrammed the change in zonation from exposed sea front to sheltered
sea front as & narrowing of life zones occupied by populations. Niche
substitutions and/or species elimination occur in the change from one
regime to the other (See examples in Figs. 12, and 2L4-26).

Vertical Zonation

Many authors have diagrammed vertical zonation relative to the levels
of the tide, such as mean sea level, high spring tide, splash zone, etc. In
different areas the species occupying the various tidal zones are different
due to niche substitution, the complicating action of salinity variation,
and other factors. Some of these diagrams are given in Figs. 19 and 27=30.
These zones may be considered in terms of the energy support for the populations.
The upper spray zone grows microscopic plants such as blue-green algse and
diatoms which are grazed by periwinkles. A few barnacles may set in this
zone in exceptional spring tides, but they are so seldom under water that
they do not grow appreciably. Next is the zone of regular immersion which
supports bright-light-adapted algse, barnacles, oysters, and other orgenisms
capable of existing between periods of immersion and able to filter long
enough to grow,but are out of water enough to limit predstor consumption.
Experiments like.that of Crisp (196l4; Fig. 31) show the increased growth
rates and final weights possible when barnacles are under water for longer
periods. In the lower part of the barnacle zone intraspecies competition
may be important when predation is restricted. Below this is the zone of
brown and red algee, relatively large plants with auxiliary pigments capable
of a better growth when suspended in water, but with heavy tissues which ere
slow to desiccate and which can carry out photosynthesis when exposed. Mussels
are associated with this zone, serving as mutrient regenerators,

Seasonal Patterns

The pulse of energy due to light is important to intertidal ecosystems
in temperate latitudes, and heating stress in summer restricts inter-tidal
development in lower latitudes. The change in sea level with season also
controls development of intertidal zones as demonstrated by Stavanger, Norwaz
and Breivik (1957) on the coast of Ghana where light and temperature changes
are not so important (FPig. 32). Two periods of reproduction and larval
releases were found in Miami (Fig. 33) corresponding to spring and fall energy
pulses in light energy.

Succession

Lawson (1966) in Figs. 34 and 35 shows algal succession with Enterocmorpha
first, Ulva next, and other species predominsting later. This pattern developed
also st Port Aransas, Texas when new jetties of fresh pink granite were added
to an existing jetty. In the spring Enteromorphe was first, then massive growths
of Ulva, and then brown end red algese characteristic of the old jetty. One factor
in The succession was the development of animal populations which grazed the
heavy initial growths of greemns. Tor role of grazers controlling the algal
composition and of carnivores controlling composition of attached animals,
see experimental quadrat studies of Connell (1961) and Castenholz (1967).
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1953 1954

=-Diagram to show the behaviour of some of the algae recolonizing the upper
of four denuded quadrats at Christiansborg, Ghana. The continuous line represents
Enteromorpha and Ulva fasciata. In the first few weeks Enteromorpha dominated the
cleared arca but soon it was mixed with and replaced by Ulva. The broken line repre-
sents lithothamnia, and the dotted line Chaetomorpha antennina (after Lawson, 1954c).
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~—Diagram to show recolonization at Christiansborg, Ghana, on a quadrat
denuded nearly three months later than that given in Fig. 3, but on the same level on

the shore. Key as for Fig. 3.

Fig. 34-35. Recolonization sequences (1awson, 1966).
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Chapter A-2

HIGH ENERGY BEACHES

Rupert Riedl and Elizsbeth A. McMahan

University of North Caroclina
Chapel Hill, North Carolina 27514

INTRODUCTION

High energy beaches are sandy shores which receive strong wave action.
Wind-driven waves and currents pound the coast, and the hydrodynamics of these
waves, plus the daily ebb and flow of tides, sort the sand into zohes of
coarser and finer particles. Fig. 1 shows the major zones in a beach environ-
ment.

This special ecosystem, with its shifting sands and pounding waves, in-
cludes a very specialized biota, the sand dwellers or psammon. Some of the sand
fauna are found entirely below the water line, some high on the beach, and some
at the drift line where organic rubbish accumlates. The epipsammon (shore-
birds, fishes, certain beetles, etc. ) live on the sand surface; the endopsanmmon
(snails, bivalves, crustacea, etc.) burrow beneath the surface; and the mesop-
sammon (diatoms, ciliates, tardigrades, turbellarians, gastrotrichs, gnathos-
torulids, copepods, etc.) live between the sand grains. "The beach with its
sand fauns forms an extensive food filtering system, taking from the inrushing
water nutrients in the form of detritus, possibly dlssolved materials, and
planktonic or larger organisms.

Some of the macrofauna of sand beaches are shown in Fig. 2 taken from
Pearse, Humm, and Wharton's (1942) paper on the ecology of sand beaches at
Beaufort, North Carolina. Interstitial fauna are shown in Figs. 3 and 4 from
the papers of Delamare (1960) and Ax (1966). Special locomotory, respiratory,
and morphological adaptations permit the psammon to inhabit a shifting environ-
ment that may be alternately flooded and exposed to de51ccat10n, where oxygen
tension may be low, and where waves besat ceaselessly.

EXAMPLES OF HIGH ENERGY BEACH SYSTEMS
Some exemples of much-studied beach systems are the following.
Gulf Coast: Port Aransas, Texas
A map of the Port Aransas beach area and a ﬁypical beach profile are given
in Figs. 5 and 6. In summer, especially; there are steady southeast winds
creating a stable beach structvre and a long shore current running northward.

Figs. T - O and Tebles 1 - 4 show seasonal variations for & number of parameters
in the surf zone at Port Aransas: temperature and salinity, fish populations,
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Cardium

Fig. 2: Macrofauna (endopsammh) of sand beaches at Beaufort, N.C.
Burrowing snails, bivalves, and crustacea. From Pearse,
Humm, and Wharton, 1942; Figs. 4, 8, and 10.) ;
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Map of Port Aransas, Texas beach area representing a
high energy beach system (From Oppenheimer snd
Jannasch 1962; Fig. 1).
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Fig. 6: Typical beach profile south of Port Aransas on

Mustan§ Islend, Texas (From McFarland 1963a;
Fig. 1).
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1960 and March 1,

Fig. 8
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Table 3: Estimated dry weight of Donax meat and shell in grams per
linear mile of beach at Mistang Island (Port Aransas, Texas)
(From Loesch 195T; Table 7). :

Stations
Date 1 4 3 4 5 Average
Meat:
June 27,1951 ................... 422 440 246 246 282 >4
Auogust 3, 1951 ... 299 317 88 246 229 236
September 3, 1951 .. e e 176 88 35 100
September 29, 1951 5.3 1.8 18 18 7.0 35

November 17, 1951 .
December 16, 1951 .

June 2, 1952 ...

Tune 27,1952 . ..

hell;

June 27,1951 . .
August 3, 1951 ...
September 3, 195

September 29, 1951 o

November 17, 1951

Decembher 16, 1951 .

. June 2,1952 . .

June 27,1052 ... ..

Concentrations could not be determined.
Concentrations could not be determined.

352 229 229 950 154 405
18 53 123 158 194 109
8,018 8,360 4,654 4,654 5358 - 6,346
5,591 6,023 1,672 4,654 4,351 4,351
i} - 3,334 1,672 665 2014
103 34 34 34 133 66

Concentrations could not be determined.
Concentrations could not be determined.

6,688 5,681 - 4,351 18,050 3,686 1,695

334 1,007 2,337 3,002 3,686 2014

Table 4: Observed predstors of Donax at Mistang Island (Port Aransas,
Texas) (From Loesch 1957; Table 8).

Predator

Comments

Birds
Catoptrophorus semipalmatus (Eastern willet)
Crocethia alba (Sanderling)
l:‘_Shquatamla squatarola (Black bellied plover)
is
Menticirrhus spp, (Whiting)
Leiostomus xanthurus (Spot)
Pogonias cromis (Drum)
Crabs
Callinectes sapidus (Blue)
Arenaeus cribrarius (Spotted)
Ocypode albicans (Ghost)
Boring Snails .
Th!xis floridana (Conch)
iva spp.
Natica duplicata (Moonshell)

Stomach analysis, 4 of 6 contained Donax
Observed eating Donax on beach
Stomach analysis, 1 of 1 contained Donax

Stomach analysis, 1 of 5 contained Donax
Stomach analysis, 2 of 6 contained Donax
Stomach analysis, 2 of 9 contained Donax

Frequently observed eating Donax
Observed eating Donax
Observed handling Donax at night

Ohbserved holding Donax; although drilling
; ‘v’vas not observed, many drilled shells were
ound.
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phytoplankton productivity, and clam (Donax) populations. Table 4 lists
cbserved Donax predators.

East Coast: Beaufort, N. C.

Some of the sandy beaches in the Beaufort area are shown in Fig. 10.
The outer banks (Bogue, Shackleford) are examples of high energy beaches,
while Bird Shoal, Shark Shoal, Pivers Island (location of the Duke Marine
Station), etc. are more sheltered. Diurnal variations in temperature, vapor
pressure, and evaporation rate for a Pivers Island beach were measured by
Barnes and Barnes during their study of driftline spiders (Fig. 1l1). Fig. 12
is a comparison of night and day activity of spiders beneath and outside
the drift at Pivers Island. Fig. 13 gives carapace length frequency of the
little mole crab, Emerita talpoida, collected on three occasions in the summer
of 1940. Table 5 lists the orgenisms caught in seine hauls and rake nets on
sand beaches of the Beaufort area in 1939 and 1941 in the study by Pearse,
Humm and Wherton (1942). Table 6 gives seasonal data for shell length for
Donax and (Olivella. Table 7 shows the condition of female Emeritas (with
eggs and/or male) at different time periods. .

PHYSTICAL, ASPECTS OF HIGH ENERGY BEACHES
Occurrence

Sandy beaches are found on all continents and on most islands. Their
occurrence is related to coastal age, to local hydrodynamics, and to sedimentary
processes. .

Coastal sge depends on the movement of sea level relative to land (Fig.
ik). This results in large part from isostatic chenges — an effect of storing
and releasing great ice masses at both poles. Beach formation and physical
structure are based on wave energies and highly selected sediments which form
the inorganic subsystem. These, in turn, are derived from the conversion of
solar energy into the dynamics of atmospheric pressure patterns, part of whose
energy is transferred to waves. In open ocean, with a fetch oF runwey of over
& thousand miles, waves grow to maximal dimensions. From stormy ereas they
travel as swells wilth increasing speed, crashing finally against coastlines
vhere they release their energy in erosion or particle sorting effects. Of all
sediments known, sand (particularly that of medium size) is most easily eroded.
Silt and clay, as well as gravel and cobble, resist erosion, but send is trans-
ported. Since sand has nearly similar erosion and sedimentation speeds, sendy
coasts are by far the most common systems in coastal morphology.

Young coasts (Fig. l4) are those that are recently sunken or are sinking
into the sea, exposing their terrestriasl erosion pattern to surf activity
(Valentin 1952). They are characterized by steep slopes, bending and winding
outlines, and generally rocky shores (for example, the Aegean or Dalmatian coasts).
With ageing, coasts begin to accumilate coarse sand in sheltered bays, and their
outlines become more and more straight until in old age straight coastlines with
long, lined up sandy beaches are dominant, as on the east coast from Long Island
southward. ‘
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Table 5: Results of collecting on sand beaches at Beaufort, N.C.
(From Pearse, Humm, and Wharton 1942; Tables 6 and 7).

68 Seine Hauls Rake Net Catches
(Summer 1939, 1941) (Summer 1941)

. Bird and
Bird and Locality............... Ft. Macon, | Ft. Macon, | Sheepshend
Place........ Ft. Macon, Ft. Macon, Sheepshead QOutside Inside Shocls

Outside Ingide Shoals
: No.of hauls........... 21 20 21

No. of hauls..| 10 16 3 18 ) 15 “ 1 No. No. No. |-
- . times | Ave. | tines | Ave. | times | Ave,
Suminer. . ... 1939 1941 | 1939 | 1941 [ 1939 | 1941

Portunid Crab
Arenaeus cribrarius ... 7 2.4 1 g.1
Sand Dollar :
Mellita
quinquiesperforata. .. .. .. . .. et 10 8.2
prT— Blue Crab .
Hverside & i idus. . .. . . 0.2
Meriidic menidia; 10/112.7)12115.1| 256.0! 5| 4.8] 8l2s.5/10/116.8 Callinectes sapidus 3 1051 3 j03 ) 3
Anchov : Lady Crab
. Anchioriella Oralipes ocellatus. . . . . 2 0.1 3 0.2 2 0.1
Ki'l'l"l‘éc’“l"" ....... 7] 31.7[ 1: 0.3, 1;50.2]..0, .. ool 2p 0.3 Mole Crab
s ‘ Emerita talpoida. . . . .. t o1 2 |01
majalis. ... . ... 4.3{ 1] 1.3{ 5| 2.1, 3113.5] 6| 41.2 Portunid Crab ,
Po;‘rpa':;:zlolua : Callinectes ornatus . . . . 1 0.1 .. e 1 0.1
carolinus. ... ... 8 1.4 4 23..|....1 2l eaf ][] ... Hermit Crab ‘
Pinfish Pagurus longicarpys...| 3 0.3 . R 12 | 2.3
Lagodon Flounder

) 0.2 3l 3. . .
Li;;:(’ln%oi:l[l” ..... 2 e 0.7 8 3.2 1.1 3 0.3 Paralichthys dentatue ..[ .. s 2 0.1 4 0.3

Frequency. . .

Ave, No.
No. Times
Ave. No.
No. Times -
Ave. No.
No. Times
Ave. No, a2
No. Times
Ave. No.

)| No. Times
S

—
o
o

o

—

“

Snyodus faetens. . {..... S B 2.7/1 0.1/ 1/ 0.2 1] 0.1

Blue Crab .
Callinectes
sapidus ... |2 031734 .| .. .16 20 30711 235

Northero Kingfish
Menticirrhus

Paralichthys
dentafus.. ... ... 2 0.20 2 0.2..]....0 4 0.5 2/ 0.5
Flounder
Paralichthys
albiguttulus. . . .. S EE FPS IR I s 2 (RS SRR DU DR DO SR
Portunid Crab

en
=3
w

Mic¢ropogon .

wndulalue, .. ... |..[-..-) 6] L& 4 34l
Mole “Crab™ X

Emerita

talpoida......... 1| 0.7/ 3 1.1 1]0.37 6/ 1.0..1....[. 1.....
Hermit Crab

Pagurus

’4‘k!!ﬂftdfpua.,... S ERRE 310.3..]....] 21 0.2 1} 0.5} 6] 2.4

ac!
Caranc hippos. .|..|..... 0.5, ... ]....]..[....1 1} 0.3
Mulles Pt >
Mugil cephalus..l..|-- -+ 1 0.21..0....] 8] £.0,..0.... 00 ]er e
Spot -

" Leiostomus

-

Styela partita. ..|.. |- ... PR RN O | I - N 0.2..[].....

Cienophore
Mnemiopsis
leidyi'. .. ... 1) 0l ] eisae) )




. Table 6: Lengths of shells (in millimeters) of common molluscs
on Fort Macon beaches (Beaufort, N.C.) (From Pearse,
Humm, and Wharton 1942; Tables 9 and 10).

Olivella mutics,

(Picked up by hand)

Donax variabilis

(Sifted from sand)

197

) No' D t ) 0 &) i
Loeality Date exam. | Max, Min. Ave. ae No. exam.| Max.. Min Ave.
Sheopshoad J&ne 17..... 1090 9.5 2.1 4.8
epshe: J 19..... 224 13, . .
Shoal ... | June 20\ 76| 150 | 4.6 | 89 Ty 21 ‘o1 e 39 5.8
eepshea Sept. 10.....| 10 : 5 .
hoal.....|July 2| 51 | 13.0 | 50 | 85 - 198 190 32 He
Sheepshead ' *
oal..... July 4 94 12.2 4.7 8.9
Sheepshead
Shoal. . ... July 8 43 13.0 4.3 8.9
Shackleford .
Bank..... Aug. 7 30 11.0 2.4 7.9
Ft. Macon
Beach, ,
inside. .. .. ' Dee. 7 H 7.4 6.1 6.9

Teble 7: Seasgsonal changes in condition of femele

BEmeritas collected on beaches at Beaufort, N.C. ~
(From Pearse, Humm, and Wharton 1942; Teble 1l1).

No. with No. with )

Date eggs small males Total
s 1940 R .
une 2..... 43 0
July 25..... 22 0 23%
July 28..... 103 0 104
July 29..... 13 0 13
August 3..... 12 3 16
August  7..... 25 11 37
August 16..... 61 34 97
August 18..... 76 24 105
August  20..... 38 46 83
August 24..... "7 22 32
August 27...., 25 2 53
August 30..... 14 38 - 53
December . ..., 0 0 7

1941

June 28..... 33 0 34
December 7..... 0 0 17
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High energy beaches vary enormously in their dimensions. The young-
est beaches, mainly at the ends of bays in young shorelines, are only a few
meters long and broad. They consist of a coarse sand layer, just a few cent-
imeters thick, which overlies the rocky surface. O0ld beaches mey reach an
unbroken length of a thousand miles and a breadthof several miles, particularly
when the vertical coastal angle (between surface and coastal inclination) is
small and an open oceen basin provides long fetch with long swells. The
thickness of the sediment bank underneath the shore (Fig. 15) may reach 8000
feet, as measured between New York and Norfolk, and during the time this layer
wa.s plled up, the beach presumably moved 100 km toward the sea.

Interstitial space between sand grains is an important aspect of hlgh
energy beach systems, and continual sorting due to wave forces prevents it
from being infiltrated by finer sediments. Consequently the substratum,
although in perpetual motion, is & permanently porous system. In areas of
high sediment deposition, however, primary beaches often are cut off from
surf stress by the piling up of new offshore banks which build long islands
and embay the older primery coastline in sheltered sounds (See Fig. 10).

- These older coastlines then accumlate fine sediments and turn into mudflats
and marshes. Yet' as they lose their sandy character, the new high energy
beach at the front of the offshore bank develops. The sounds gradually fill
. through deposition, but although the land area increases, the biological
continuity of the beach system remains unbroken.

The continuous balance between movement of its particles and stability
of its entity is characteristic of a sandy beach. Reduction of mobility
destroys the system, as does instability. The system's balance is due 10 a
self-designing interaction between coastal inclination, sand grain sorting,
and erosion-transportation-sedimentation relationships.

Geomorphology

The geomorphological pattern of a sand beach consists of fringing
barriers and troughs offshore, & surf slope, and surf terraces whose dimen-
sions vary wlth local tides and wave force. It also includes an extension
(underneath coastal dunes) into the coastal groundwater system.

A cross section of a beach (Fig. 16) shows a series of steps and terraces
within three main regions. In the offshore region, bars and troughs are lined
up parallel to the coast. These bars, mostly from one to a few feet high,
usually remain below water. In some areas they pile up to the low tide level,
reaching several miles in length and several hundred yards in breadth (known
as "Sande” in the North Sea). 1In high sediment areas, as already mentioned,
they may rise above sea level as fringing offshore banks. They may line the
coast, producing long bays and cutting off former high energy beaches from
surf stress (locally known as outer banks, "Haff" or "Lido", and as sounds,

"Neerung" or "Laguna").

The foreshore region often includes several steps or levels varying
with the local tidal dimensions and exposure. In going from sea to land,
low water step with shell and coarser sand and wells of brackish water is -
encountered, followed by a low tide terrace, characterized by coarse shell
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particles, short ripple-marks, and fla.t} pords at low-tide. Next is the high
water step, sometimes clearly merked by, long and dense: s‘ci'lbes of finer shell.
Next is the high tide terrace, characteristically smiothed by the tips of high
water waves. Its upper limit is called the berm (Fig. ].6)

At the first crest of the berm the foreshore reglonfturns into the
backshore region, which may consist of seversal sharply edged berms, surfaced
with dry sand which end at the foot of a cliff or the first dune with some
vegetation. '

From a vertical view, the offshore hars show outlets kept open by a
strong back or over flow, and the sHoreline 1s serrated within se¥eral scales.
On a small (1.to 10 m) scale are the beach cusps, sequences of flat embayments,
with corresponding shallow submeripe deltas és mirror images (Fig. 17). On
a larger scale, beaches with Stronger surf and landward currents show rip.
currents (Fig. 18) (Shepard 1948, Shepard and Inmsn 1950)s These back ¢urrents
locally form strong flows up to lm/ sec, reaching to 500 ‘m off shore. Th form-
ing flat caps and deep feeder and néck channels, they ca.rry finer sand far
out to deeper waters. These phenomena pa.rticipa.te in permanent sorting of the
sediment as well as in the dynamics of beach development.

Finally, on a microgeologlcal scale, ripple mrks are both characters
istic and important for high energy béaches. As a result of certain (not yet
clearly understood) rela.tlonships between the speed of water particles and the
length and rhythm of wave oscillation, ripples are formed (Fig. 19). They vary
from 1 to 50 em in wvavelength, and their height va.ries Yetweén one-third and
one-tenth of the length. In shovelling thé sand into’ long crests, in chaiging
their position and wavelength with every change in water movemen‘t, they contri-
bute strongly to a permanent shifting and sorting in the surface 1ayers.

Sedimentology

Sedimentology is a naster key to differentiation in the interstitial
environment. Much is clarified by simple g:ra.ndulonetrical investigations.
However, the problems of hydrodynamics within a porous body is rather compli=-
cated. The importance of the edaphic structure (or_su'bstra.te composition) is
based on the fact that it pérmits prediction of thiee types of correlations:
first, the outer or primery hydrodynamic conditions; second, the inner or second-
ary hydrodynamics within the sediment body; and third (in a preliminary way),
the composition of the fauna selected.

The following six sediment para.meters, in order of their general impor-
tance, are of biological significance. (1) The medium grain size (from 0.1 to
4.0 mm mostly) which is correlated with primary input of hydrodynamic energy.
Mean grain size increases. with energy and influences the absolute pore size,
the maxima of interstitial currents, and the mobility of physical and organic
components. (2) The grain size variation (07), expressed in % of the main frac-
tion, or in the number of peeks within the grain size curve. Low [ expresses
high constancy of énergy input, a maximum of relative pore volume and a uni-
formity of viological conditions. High §, of course, shows the opposite. The
number of peaks is an expression of the variation of energy input and the main
features of the inner hydrodymamic and faunistic variaebility.




rig. 17:

Diagram of beach cusps, with submarine deltas
corresponding to the embayments as mirror images
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(Mainly according to Timmermans, from Kuenen 1950;
Fig. 150).
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Fig. 19: Cross-sectional view of ripple marks. A. Symmet-
rical oscillation ripple marks; B. asymmetrical
oscillation ripple marks; C. sympetrical oscillation
ripple marks with rough troughs; D. current ripple
(Kuenen 1950; Fig. 129).
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(3) The contributions of small-size fractions (expressed in % of fine
sand, silt, and clay participation). Reflecting the extent of minimum periods
of dynamic stress, these minimm fractions reduce dramatically the pore space
in a relative as well as in an absolute sense. A small amount of fine sedi-
ment often chokes the whole pore system, cuts off ventilation and lifts the
deep, anaerobic layer up to the surface (See Fig. 51) (Brafield 1964).

(4) The amount of decomposable organic matter in the sand (given in % of carbon
times 1.8 and in % of nitrogen times 18, or in measirement of deterioration

of the climate gives a general idea of the input-consumption relationship. This,
of course, is of high importance, although methodology and interpretation of
data are still creating arguments. Generally speaking, the average of &round

1% decomposable organic matter decreases with grain size and with distance

from the coast (grain size generally decreases with increasing coastal distance).
Although the organic amount can reach high percentages (if an organic wrag bed
becomes imbeded within sediment layers), under high dynamic input it remains
remerkably low. Yet, the amount of food available in a given time not only
depends on the storage, but even more on the speed with which nutrients are
deposited and decomposed within the system. It is clear that higher hydro-
dynamic energies, larger pore space and higher flow-through rates provide

chances for speedier energetic loops.

(5) Form and packing of the sediment particles (defined as edged to
rounded, and loose to tight) again are correlated with hydrodynamic energies
and have strong influence on the pore system. Roundish forms show grinding,
and result from packing and sheking activity., Computation of pore space in
loosely packed as compared with tightly packed spherical grains (of equal
size to moke it simple) is based on the relation of the volume of a cube (as
opposed to that of a pentagonal dodecaeder) to the volume of its imscribed
sphere.

(6) Finally, the amount of calcarous matter (in %) demonstrates the
origin of the sediment. Higher percentages probably offer a buffering system
in cases of low pH.

Besides these general characteristics of sand composition there is also
a rather complicated and dynamic pattern of their interaction. This pattern
is three dimensionsl, varying from capes to bays, with distance from the surf
zone, and from the surface to the deeper layers. In sand environments it is
characteristic that all these gradients dynamically change with each change in
‘the hydrodynamic forces.

Hydrodynamic conditions mist be balanced between erosion, including
sorting, and deposition effects. If erosion overbalances sedimentation, the
beach diseppears. If deposition predominates over sorting and erosion the R
interstitial space is soon filled and the beach becomes a mud flat. The erosion
of silt requires water movement at a rate of about 80 cm/sec (Fig. 20), while
medium sand (0.2 - 0.5 mm) loses stability in water moving at the rate of 20
cm/sec. In other words, sand is eroded much more readily than clay. The
opposite is true with regard to rate of sedimentation. Sand settles out at a
water speed of only 10 cm/secrwhile clay remains in suspension until water
flow rate is reduced to 0.1 cm/sec or less.
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The self-balancing effect between erosion and deposition involves four
factors: . the boundary effect, friction, critical depth, and coastal angle.
The boundary layer effect (Flg. 21) is partially responsible for the relative
resistivity of fine sediment to erosion. Currents (of liquids or gases) are
drastically reduced in speed as they approach solid surfaces, due to friction
with these surfaces, and turbulent particle movement becomes laminar. Boundary:
layer dimensions along coastlines depend on viscosity of the water, roughness
of the bottom surface, and speed, length, and duration of the current, but lies
between a few millimeters and a few centimeters. ILarger sediment particles,
therefore, are reached by currents of greater speed, while finer particles are
relatively protected.

Seas with wave heights of one to two meters and a period of 4 to 6
seconds have a particle speed of 80 to 100 cm/sec; a speed of 60 to 80 cm/sec
reaches the coast. . Both sand and silt go into suspension, but with increasing
depth (Fig. 22) the orbital movement of the rotating or oscillating water
particles is reduced by friction. At 10 to 20 m depths particle speeds of
10 cm/sec are reached, and all sand settles out and is trapped at the coast.
Clay, however, remains in suspension and is transported far offshore and down
the edge of the continental slope.

The permanent balance between erosion, transport, and sedimentation
not only guarantees the preservation of the sandy beach environment but also
causes high structural diversity.  Geologicelly the result is described as

' false bedding, current bedding, and cross bedding. Biologically drastic
changes and inversions of the common faunal gradients result. Coarse shell
with low organic load, having attracted a brackish groundwater drain, may be
covered by strongly reduced fine sediment with high organic content,and g0 on.

Another sand trap within the self design of high energy beaches is based
on the laws of critical depth. Seas start to "feel" the bottom at a depth
corresponding to wave length (Sverdrup, Johnson, and Fleming 1942). The oscill-
ation space of the orbital movement of waves becomes narrowed, meking the seas
slower and steeper, and bending the wave crests toward the beach front. At a
depth of about a half wave length the energy input toward the bottom becomes
biologically important. This outer boundary of reduced oscillation space is
called the second critical depth and lies at 100 m (Figs. 22 and 23). In this
oscillating body of water sandy bottoms appear, characterized by rigorous
sorting, removal of fine sediments, and formation of long ripple marks. The
upper limit of marine sand biota depends on tide dimension and local wave ener-
gies. It often reaches L and sometimes 8 m above midwater level.

Within the reduced oscillation space and with decreasing depth the speed
of the waves decreases and their height increases until the front of the seas
becomes too steep for harmonious oscillation, and breakers are formed. This
happens at a depth which corresponds to about 2.5 times wave height, the first
critical depth (Figs. 22 and 25). In the breaker zone a remarkable amount of
wave energy is consuned in counteraction of turbulent water forces. Not the
original forces but "residual waves" (translation waves) finally reach the land.
The amount of energy reaching the surf slope and the surf terraces, however,
depends on the vertical coastal angle. The steeper it is, the nearer is the
first critical depth to the waterline and the greater is the proportion of the
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Surface of water

(’ Velocity Fig. 21: 8chematic section of a
current, showing distribution

of velocity and turbulence.
The boundary layer is repre-
sented by the straight arrow
region. Larger particles on
the bottom are influenced by
greater velocity than small
particles (From Kuenen 1950;
Fig. 117).
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original forces that reach the beach. If, now, erosion at the water's edge
occurs, sand is displaced there, but deposition increases in the outer
oscillation zone, the vertical coastal angle decreases, the second critical depth
moves farther offshore, the residual waves lose energy, and the system becomes
balanced again.

If particle speed during the maxima of local surf beat reaches 100 cm/sec
all sand fractions go into suspension. A drop to 50 cm/sec immedistely re~
leases gravel, and a drop to 20 cm/sec releases coarse sand. Finer fractions
settle out at speeds between 5 and 1 cm/sec » contributing to further decrease
in vertical coastal angle. On the other hend, high local particle speeds
erode deep bays in the beach front. The deeper they are, the smaller the
horizontal coastal angle becomes (angle of open sea, seen from a point at
the shore), and the smaller are the chances of being reached by seas from
many directions. As the exposure index decreases, so does the vertical coastal
angle. The opposite is true for sheltered bays. They soon fill in and are
incorporated into stralght beach fronts. Extremely long, smoothly bending
beach lines are the result of the continued action of these self designing
mechanisms.

‘ Amount of sediment production and distance of sediment transport are
also important for beach formation. There sre four major sources of sediment:
rocky shores, benthos commmnities, landslides, and plankton commmnities; and
three major types of sediment: boulders (or cobble), sands, and clays (Fig. 2lA).
Brosion on rocky shores produces mainly boulders, cobble, and gravel, but sand
is also produced in fair amounts. GCreater contributions to beaches are made
by calcareous benthic biota: shell beds and algel and corel reefs. The par=-
ticipation of boring animaels and the chewing activity of errant benthic macro-
fauna can be enormous in the decomposition of reefs and in grinding shell and
coarse sand fractions into finer sands. FPlankton shells produce mainly oozy
fractions without much additional erosion. Terrestrial erosion, transported
mainly by rivers but partly by storms, contributes mostly sandy fractions, but
also clay.

In 2 10 m deep water body (average for a beach environment) coarse material,
cobble and gravel settle in seconds (Fig. 24B) and are deposited near their
source. Sand usually tekes less than a mimute (10 to 60 sec) and remains in
the surf area. Because of the balance between erosion and deposition and the
prevailing currents parsllel to the coast, sand 1s shifted along the shoreline.
811t and clay require from an hour up to 1.5 months to settle in the seme 10 m,
and may be transported very far into deeper waters.

Sediment derived from the land decreases from large continents to small
oceanic islands, but reefs and celcareous benthic commmities inecrease from
eold to tropical waters. For these reasons, continentel shores in cold-temperate
climates contain only quartz grains while tropical waters are surrounded by
fairly pure calcareous sands.

In more stable situstions the contribution of the macrofauna to sand
structure becomes observable (Fig. 25). The "rake structures" ("Wuhlgefuge",
Schaefer 1962) of raking and digging animals are very specific, and when in
large numbers these animals strongly influence a layered substratum. Further-
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Fig. 2lA: Diagram of sediment production and transportdtion.
I. Shore contribution; II. benthos contribution;
III land contribution; IV. plankton contribution.
Striped arrows répresent stone, stippled areas
sand, and white arrows clay (From Riedl 1966; Fig. 315).
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Fig. 25: Diagrams showing the influence of digging
organisms on sediment layering. A. The small

crab Corystes. B. The heart urchin Echino- .
cardium aFrom Schaefer 1956; Fig. 16)
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more, over long time periods the chewing of the sediments by many types of
the macrofauna (the "organic mill") causes a decrease of grain size in
deeper and older layers.

Highest particle mobility is demonstrated by coarse shell within the
surf zone. During the incoming tide this material is collected and transported
to the high tide mark. During outgoing tide it .is washed back or remains
partly scattered over the whole tidal zone. This happens so rhythmically,
that, for some species of Turbellaria, it serves as a permanent lift, holding
them in the high energy area (Rieger and Ott 1969). Lowest part1cle mobility
_is related to the deepest sand layers, where influence of terrestrial soil
occurs, or the marine sediment itself turns into subfossil conditionms.

Interstitial Climatology

Interstitial climatology offers both static and dynamic aspects. Since
measuring currents in the pore space is still a problem, investigations of
parastatic gradients have been preferred, and dynamic explanations have been
generally derived. Eleven partly correlated parameters of interstitial cli=-
matology should be taken into consideration (Figs. 26 and 27). (1) Temperature
strongly varies in surface layers, due to evaporation and to heat storage in
dry sand under summer radiation. It is low and most stable in the groundwater
horizon. (2) Water saturation changes between groundwater and surface levels.
(3) The same is true for salinity, but there is also a gradient.between the
marine and the limmic groundwater, producing & zone of brackish water between.
(%) Oxygen availability is relatively high in the moist supralittoral zone,
but it drops drasticaelly within the deeper layers. Hedgpeth (195B) points out
that "an almost universal characteristic of sandy beaches is the dark or black
layer in the region of stagnation and oxygen deficiency resulting from the
formation of ferrous sulfides under reducing or anserobic conditions.” The
study of this anaerobic stratum, however, has only recently begun. Its depth
beneath the surface is related both to wave action and to the interstitial
space of the porous system and ranges frow a few feet in coarse sand and shell
subject to heavy surf to a few millimeters in more protected areas with mostly
fine sand (See Fig. SlB) As Hedgpeth says, "Since the formation of ferrous
sulfide in sand is a phenomenon of significance in general problems...it is
unfortunate that it has not been studied in more detail". (See Bruce 1928b,
Permak 1951, Perkins 1957, Gordon 1960, Brafield 1964, Riedl 1969, Fenchel 1969)
(5) Free COo levels rise remarkably in some shore layers. (6) Water hardness
has been observed to increase with distance from the coast, along with (7) a
slight drop in pH. Less information is available with regard to (8) gradients
of decomposablé organic matter, but there is evidence enocugh to predict remark-
ably strong differences."(9) Redox potential and (10) HoS concentration have
been measured only very recently, since thﬁ)deeper anaercbic layer has remained
hearly untouched. (11) Light is very limited in its distribution within the
sandy beach system. Although high energy beaches generally are subject to
strong radiation, light is cut off completely within the first surface layer.
The thickness of this layer varies with the transparency of the sand and de-
cregses with grain size from a few centimeters to less than one millimeter.

Rhythmical variations in the pattern of these parameters are caused by
tidal, circadian, and seasonal changes in the outer climate. Tides influence
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the system by causing movement of the whole subcoastal water body governing

most of the parameters. Circadian rhythms affect surface temperature and
salinity mostly. Seasonal changes involve variation in radiation, precipitation,
surface salinity, and temperature. They also influence the height of the ground
water level and the position of the brackish water cushion. :

The dynamics of the interstitial waters are to be understood in terms
of three factors, all of which fill and drain the system in different rhythms.
First, the sea between low tide mark and the first crest, with changing water
levels and wave tongues acting at different heights. Second, evaporation and
precipitation of-merine spray or rain water over the whole surface. Third,
seasonel changes in groundwater input from the land side, a.ffectip.g the deeper
layers. Five different water bodies can be differentiated in a complete high
energy beach system (Fig. 28): a marine zone of permanent sediment displace-
ment (transfer zone) » & brackish mixing zone, & marine cu-culation zZone, &
moist sand (pecolat:.on) zone, and a nearly fresh groundwater zone.

BIOLOGI_(}AL ASPECTS

In physical respects sandy beaches have much in common with sandy deserts,
yet their biota are very different. Until the 1920's the sand enviromment of
the coast.was considered to be the "marine desert” and remained biologically
neglected until Remane (193%3a) started investigations of the sandy coasts of
Germany in the hope that the supposed impoverished biote there might offer
fewer investigational difficulties than desert life. Since that time "psammology
or sand biology has become strongly developed, first in Europe and more recently
in the United States. Today sand is known to be one of the richest and most
challenging of marine environments, where thousands of highly adapted species
* have been discovered, where all invertebrate phyla are represented, and where
the most unexpected problems concerning food sources, dynamics, and energy flows
have arisen and are still largely unsolved.

Major Biota

The high energy beach system, as already mentioned, offers space for
three main types of populations in contrast to most other biotopes which offer
only two. In addition to providing space for epi- and endofauns (animals
living on and in the substratum) porous systems give a third opportunity; space
is also provided for a mesofauna living within the interstices.

The epipsammuon

The epipsammon (Psaxmon, Greek for sand) contain species living on or
above the sand surface. In a number of speciles, it 1s the least important
link in these stratified groups. It contains a relatively small representation
of the animal kingdom, but it is the only group which links marine and terres-
triasl species. PFishes and birds, as well as certain beetles, are in the group.
The small representation is to be understood in terms of three facts: first,
sand as a moveble substratum is inhospitable to many types of organisms needing
stable conditions or concealment; second, sand as a semi-liquid environment
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attracts endofaunal species of epifaunal origin which dig into the sand where
they gain more stability as well as protection; +third, it is usually the
larger forms (macrofauna) that are strong and speedy enough to keep up with
wave action (there is no foothold as on rocky shores for such animals as
limpets, barnacles, or sea anemones), and these larger forms, the last link
in the food chain, are always relatively few.

Although many fishes, birds, and beetles can be observed along shores
(for exsmple, 170 kinds of shore birds are listed for North Americe by Bent,
1927, 1929,)cnly & few are restricted to the high energy beach system. The
sanderling (Crocethia alba) can be used as an example. This shore bird obtains
"most of its food by probing in the wet sand...or by picking up what is washed
up and left by the receding waves" (Bent 1927, 1929). Analogous fishes are
representatives of Mullidae, probing the sand with their barbels. The tiger
beetle (Cicindela dorsalis) can also be used as an example of organisms which
are most often found on high energy beaches.

Adaptation to eplpsammal life does not include obvious structural
specialities, except berbels, and fish types bearing barbels are known from
many different environments. Behavioral adaptations, on the other hand, are
clear. Trophically, all types of epipsammon are animals adapted to eollecting
the endopsaymon or their cadavers washed out of the sand or brought from the
ocean, mainly in the meiofauna-size range (organisms of medium size).

The endopsammon

The endopsaxmon contain species which burrow in the sand but are too
large to use the interstitial spaces (Fig..2). This includes macro- and
meiofauna. They build permasnent burrows lined with stabilizing mixtures of
secretion and fine sediment. When displaced, they hasten over the sand surface
(cumaceans and many crabs) and disappesr surprisingly quickly into the sand in
a chosen place. In this respect they overlep with the epifauna. Members of
the Rajidae, Soleidae and Uranoscopidae (rays, tonguefishes and stargazers)
hide in the sand but feed on epipsammon macrofauns. ' Similarly, species such as
mysids and male cumaceans rise at night to the surface but feed on bottom detritus
or graze on sand grains. The endopsammon boundary can be drawn to include species,
most of whose biological activities are restricted within the sand.

There is a much wider species representation in the endo- than in the
epifauna, but it is far below that of the mesopsammon, especially on the high
energy beach in its restricted sense. In locations of greatest wave stress, the
endofauna is relatively limited to robust and quickly moving types (such as
crabs); stationary or semi-~sedentary types are absent. On the contrary, in
more sheltered areas, stationary species (lancelets) or semisedentary types
(seafeathers, sedentary polychaetes) are found. At least some of these types
are not very sensitive to fine sediment accumuletion. They even appear in
biotopes where the interstitial space has vanished, leaving little in common
with high energy beaches. .

The representative endopsammon groups are mainly higher crustaceans;
some molluscs and & few polychaetes and echinoderms are also typically rep-
resented. Among polychsetes, eunicids (Stauronereis), maldanids (Petaloproctus)
and arenicolids (Arenicola) are represented, but mostly in extension of their
main asrea on somewhat more sheltered shores. Of the amphipods, haustoriids
(Haustoria) and talitrids (Orchestis, Talorchestia) may be sbundant; among
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‘isopods, idotheids (Chiridotea) and among cumaceans, several families are
common. Stomatopods are represented by Lysiosquilla. Decapods are more
strongly represented. A few shrimps (Ogyris), thalassinids (Callianassa),
albuneids (Lepidopa) and portunids (Aremarius), but perticularly hippids
(Emerita) and ghost crabs (Ocypode) are highly characteristic. Of the rest,
‘some gastropods (Oliva, Terebras are regularly present, and a few bivalves
(Donax, Cardium) are typical of high energy beaches. Finally, among

echinoderms, the sand dollar (Mellita) is a characteristic representative.

Adaptations are very distinct in several species, and their functions
differ so greatly from those in the mesofeuna, that they make differentiation
between the two types reasonable.

Most striking are adaptations with respect to shape and locomotion in
species living in the surf beat. Emerita disappears beneath the surface in a
fraction of a second. Donax (even more surprising because a member of awkward
bivalves) disappears in about a second. This unusualbwrrowing ability is due
to adaptation of the legs in the first case (Fig. 29) ana of the foot in the
second. Coloration also can be an adaptation: the light sandy color without
any pattern, as in the ghost crab (Ocypode), the beach "flea" (Talorchestia,
an isopod), in Emerita, in Ogyris and others. Also eyes may be small (as in
Emerita) and sensory bristles or tentacles very long and abundant (Pearse,

Hurm and Wherton 1942). During the breeding season, Emeritas have males attached
to females and burrowing shrimp consort in pairs (See Table 7). This insures
fertilization in the shifting environment. ) '

Trophically the endopsammon do not contribute any primary producers to
the system. No higher slgae are represented in the high energy area, except
for detached material stored as wrack beds on the shore, because of lack of
substratum stabilkity. The animals are mainly carnivores and herbivores. Some
collect dead animals or feed in wracks, but even more important are the many
types of suspension- or plankton-feeders. They range from hunter types,
waiting in their burrows, through Emerita, filtering the back-flow of waves
with its antennae, to highly specialized filter feeders such as lamellibranchs.

The mesopsammon

The mesopsammon have by far the greatest diversity of all psammon types,
each beach system containing more than a thousand species, compared with several
dozens in the epi- and endopsammon together. They also populate a three=-
dimensional environment, with microfeuna having the greatest density (the macro-
' fauna remsin in surface contact and have a mich lower density). Finally, the
mesopsamuon are highly sensitive to the slightest changes in edaphic conditions,
which correspond exactly to differences in the overall hydrodynamic forces.

Other pssmmobionts correspond in a much coarser fashion. Therefore psammologists
often take only the mesopsammon into consideration when they talk about the

sand biotope, and certain it is that mesopsammon are & most important and
challenging subsystem. Faunal representation, adaptations, and trophic relation-
ships will be analyzed.

Most surprising is the fact that representatives of nearly all main
groups of the invertebrates have been gble to adapt to the interstitial environ-



Fig. 29:

Fig. 30:

Diagrams showing resting
position of Emerite talpoida
in the sand and movement of
the appendages while burrowing.
Solid arrows indicate power

and dotted arrows, recovery FOURTH LEg
(From Pearse, Humm, and Wharton 1942;
Fig. 22).

Body shape in the genus Halammohydra. A. H. schulzei Remane;
B. H. octopodides Remane; C. H. vermiformes Swedmark and Teissier
(From Swedmark 196k; Fig. 3).
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ment. Only e few groups have not: Porifera, Ctenophora, Scaphopoda,
Cephalopoda, Decapoda, Hemichordata, all enchinoderms except holothurians,

end finally Chaetognathé and Acrania. Problems of body structures, locomotion
and trophic adaptation may have created insurmountable difficulties for these
forms. However, interstitial ascidiens and bryozoans, for example, have
surmounted problems of body size as well as of locomotion in very unexpected
ways, sO representatives of some of these so far undlscovered groups may yet
be found among the mesopsammon.

Among the many invertebrate groups represented, there are some nearly
completely restricted to the interstitial environment. These are the phyla. -
Gnathostomulida, Terdigrada and Castrotricha, the orders and suborders
Schizorhynchia, Archiannelida, Mystacocarida, Acochlidiacea and Actinulida
.and aberrant types of other groups such as the Mmireporaria, Polychaeta,
Bryozoa, Brachyopoda, Holothuroidea and Ascidiacea.

The systematic rank of restricted groups can be used'as the measure of
the age of their biotope. Without fossil documentation in a relative scale, we
muist assume that ancestors of systematic groups have to be stepwise olcer the
higher their category in the classification hierarchy. Furthermore, we have
evidence that larger groups have originated in their restricted environment
(Riedl 1966). The very high rank of restricted psammon groups therefore lets
us assume a very old age for the psammon biotope. As a matter of fact, only two
other biotopes have restricted systematic groups of comparable rank: the pelagic
and the pelos (muddy bottoms). Obviously, the sandy beach is one of the oldest
biotopes on this planet.

The dominant groups in the mesopsammon are diatoms, ciliates, turbellarians,
gnathostomilids, gastrotrichs, nematodes, and harpacticids (group of copepodes).
The total groups represented number about twenty-three (a to w). Algae (a) are
mainly represented by diatoms and bluegreen algae as well as by bacteria. Fungi
(b) in the sand habitat have been described most recently (Kohlmeyer 1966).
Protozoa (c) are very common, meinly long and slender ciliates as well as for-
asminifera attached in some cases to sand grains (Dragesco 1960, Rhumbler 1938).
Coelenterates (d) are represented by several small, highly adapted groups,
mostly belonging to class Hydrozoa with dwarf polyps or extremely reduced
medusae, such as Othohydrs, Halammohydra (Fig. 30), and Armorhydra; but micro-
scopic representatives of classes Anthozoa and Scyphozoa have also been dis-
covered. In the first case it is a bipolar madreporarian (Rossi 1961), in the
latter & reduced stauromedusae (Salvini-Plawen 1966).

Turbellaria (e) are common, most typically represented by Otoplanidae
(Ax 1956a, a group of Proseriata) and Schizorhynchia (Karling 1961, a group
of Kalyptorhynchia). But also Acoela, Macrostomida, a new suborder of Catenulida
not yet published) and others are included. Gnathostomulida (f) a new phylum
iAx 1956b) is typical of mesopsammon, with more than 40 species and 10 genera
already known (Fig. 31) (Sterrer 1968, Riedl 1969). Rotatoria (g) are less
common but are represented (Remane,1933b). Gastrotricha (h) are extrenely
abundant members of the interstitial psammon, and in marine environments they
are nearly restricted to sand. Considered earlier as aberrant types (Remane
1925), these strange forms (Fig. 32) are known today to constitute one of the
main types in the sand environment (Wilke 1954). Nematodes (i) compose the

/
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Gastrotricha. (1) Order Chaetonotoidea, Chaetonotus dispar

Pig. 32: i |
Wilke; (2=5) Order Macrodasyoidea; (2) Urodesys viviparus
' Wilke; (3) Pseudostomelle voscovita Swedmark; (4) Thaumas-

toderme heideri Remane; (5) Diplodasys snkeli Wilke.

Diagrams (2) and (5) modified after Wilke (From Swedmark
1964; Fig. 7).

Nematalycus nematoides, an Interstitial mite (From Delamare

Fig. 33:
1960; Fig. 103).
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largest fraction within the microfauna, as is true in nearly any environment
(Wieser 1959).

Kinorhynchs (j), generally common in fine sediments,are represented in
the interstitial environment by the new suborder Heterorhags (Gerlach 1956).
The Nemertini (k) are represented by the systematically isolated Ototyphlo-
nemertini. Several unexpected types of archiannelids (1) are also typical of
the mesopsarmon and are nearly restricted to high energy beaches. Some of them
are the smellest annelids known (350u long). The large group of polychaetes (m)
mostly consists of very small species of syllides and other families adapted
to the pore system (Swedmerk 1958). A remarkable number of Oligocheete species
(n) are known from the interstitial, coastal environment, yet without special
sdaptations (Bulow 1957). I -

Crustacea (o) in the porous system are represented by six groups. First,
Copepoda are present mainly in the form of harpacticids, often very slender types
(Noodt 1952 and 1957). Second, Ostracoda also, but to a smmller extent, show
elongation in their interstitial representatives. Third, Mystacocarida, a
more recently discovered small group of conservative crustaceans, are strongly
restricted to the sand enviromment (Delamare Deboutteville 1960). Fourth,
among the Syncaridae, the Bathynellacea are fournd, particulsrly in tropical
coasts. Fifth, Isopoda, which normally consist of larger species, in the sand
Microparasellidae and Microcerberidae are very slender types, 0.8 to 1.5 m long.
Sixth, Amphipoda, very common in other bhottom biotopes, show up in the inter-
stitial space as microscopic Ingolfiellidea.

Tardigrada (p), mostly limnobiotic, in the marine environment are mostly
restricted to interstitial life. Although among the smallest of metazoans they
show most peculiar structure (See Fig. 4), particularly on tropical beaches
(Rensud-Debyser 1963). Mites (q) are represented by relatively comservative
marine groups such as Halacaridae as well as by very specialized types such as
Nematalycidae (Fig. 33§ Strenzke 1954). Small terrestrial anthropods (r) such
as palpigrades or collembola are known (Monniot 1966, Delamare 1956) from the
sand pore system.

Mollusce (s) have three main groups in the system. Solenogasters, known
mostly from maddy bottoms have been discovered as very small species in the
sand. The same is true for Placophora, until recently kmown only from stable
substrate (Swedmark, Salvini-Plawen, unpublished). Gastropods are represented
by strongly reduced groups such as the Rhodopidae, Pseudovermis and Microhedylidae.

Brachiopode (t) were very recently discovered (Swedmark 1967) in the sand:
a very smll species of the new genus Guwynia (Fig. 34A). Bryozoa (u) are known
to be present as the very curious solitary and migrating form Monobryozoon
(Fig. 35A; Remane 1938). Echinodermata (v) are represented only by some holothurians,
very small species such as Leptosynapta. Finally, Ascidiacea (w) are known,
with an increasing number of species. All are nearly microscopical and solitary
types with rhizoid threads deriving from different taxonomic groups of ascidians
(Fig. 35 ByC. Monniot 1965).
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Fig. 34: Sedentary interstitial organisms. A. Two specimens of Gwynia
capsula (Jeffreys), a brachiopod with brood protection, living
within a serpulid shell fragment (From Swedmerk 1967; Fig. 1).
B. The foraminiferan Discammina fallax Lacroix attached to the
surface of a sand grain (After Remene, from Delamare 1960;

Fig. 61).

Fig. 35: Interstitial organisms. A. Monobryozoon ambulans Remane, an
interstitial bryozoan (After Remane). B.and C. Interstitial
ascidians, Psammostyela delamarei (Weinstein) and Polycarpe

ntarhiza Momniot, respectively (After Weinstein and Monniot)
EF‘rom Ax 1966; Fig. 11).




223

Adaptations and Species Selection

Structural adaptations ;

Structural adaptations, of course, or preselections at least, are in-
dispensable for living in the interstitial environment.

Body size is the first unavoidable restriction. Groups with extremely
smell size such as gastrotrichs or tardigrades have no problems, and forms
of extremely slender shape, such as nematodes, are prectically preselected.
Others, however, show most interesting reactions to this rigorous size test.
It is not so astonishing that turbellarians adapt to such conditions. It is
.more so with regard to gastropods or higher crustaceans. But it is most un~
expected to see such types as solitary ascidians or holothurians reduced to
dwarf shapes that fit into the system.

One of the chances for larger animels to fit into the pore spaces is
to take the "vermiforme" shape. This is particularly applicable to groups
anatomically disposed to stretching (Figs. 3 and 4; Remane 1952). But groups
without such an obvious predisposition such as isopods or amphipods, harpacticoids,
gastropods or mites show to a less extreme extent the same ability. Clearly, other
forms, such as the ostracods or brachiopods, do not join this channel of
adaptation. In addition to the vermiform channel, the "leaf-shape” also gives
new opportunities for interstitial dwelling for two types: (1) A few sedentary
forms (for example, certain Foraminifera) have this shape which permits tight
attachment to sand grains and hence protection against grinding and shifting sand.
This shape alsoc aids in kKeeping the necessary interstitial space open in the
packed sediment. (2) Mesopsammon living in the moist zone, where the sand
grains are covered with a thin water film, are also disposed toward such adapt-
ation. These include mainly very small representatives of the mesozoa, the
gastrotrichs (Chaetonotoidea) and tardigrades.

Formaetion of a tail in half a dozen of the groups composing the meso-
psammon illustrates typical adaptive convergence (Fig. 4). The advantage of such
a tail is related to that of adhesive organs and locomotion in the movable sub-
stratum. A contractile tail increases the locomotion-radius of an organism
remerkably when it is still anchored by its caudal tip to a sand grain; quick
retraction allows it to escape from a danger spot discovered with the anterior
end, to a protective distance (Wilke 1954, Ax 1963). However, this organ may
also be just a product of the process of diminution, as in ciliates or certain
acoelous turbellarians which have adhesive organs. The first advantage, then,
relates to locomotory stabilization, the final benefit may come in conjunction
with the development of adhesive orgens. This development of adhesive organs
is an important contribution to life in high energy beaches. It is nearly in-
dispensable for organisms living in the surface sand in the surf area. These
orgens are always present in gastrotrichs and gnathostommlids and in most
turbellarians and tardigrades. In some turbellerians they have a striking
similerity to ones known from gastrotrichs and have therefore become an often
quoted example of convergence in the interstitial environment. Yet they are
too small for proof of their possible structural identity to bBe obtained with
the light microscope, and their ultrastructure is still unknown.
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Locomotory adaptations

Besides size and general shape, locomotion becomes a restricting feature
in a sand environment. Nearly without exception, interstitial creatures are
vagile or at least have become semivagile through adaptation. Locomotion of
the primarily vagile groups is more or less the same as in other environments:
nonciliery gliding as in bluegreen elgee; ciliary gliding as in ciliates, tur-
bellarians, hydroids, gastropods (Fig. 36) and others; snakelike writhing as
in nematodes and; crawling as in tardigrades and crustaceans. The adaptation
of such primarily sedentary types as bryozoan and ascidian merits more
attention. In both cases the semivagile types bear rootlike structures
(See Fig. 35). In bryozoans these structures, used for anchoring and loccmotion
are reminicent of the common stolons connecting specimens within colonies. In
ascidians they are used for anchoring (locomotion is due to body contractions)
and are also normally common in solitary species. In these large original
forms, however, they are tiny compared with the body size; in interstitial dwarf
forms, on the contrary, they are often longer than the body length. Nonvagile
forms within the sand bilotope are chiefly algae, foraminifera and brachiopods.
No details are known at present ebout small incrusting algae on seand greins.
However, the incrusting foraminiferan and the sedentary brachiopod have been
studied (Fig. 34). The sedentary life of the algae and foraminifera might be
understood in terms of their rapid life cycles; the brachiopod appears in
coarse material, and has a tendency to hide in the concave parts of shell particles
(Swedmark 1967).

Sensory adaptations

Finally the sensory systems of the mesopsammon show specialization.
Forms bearing eyes are very scarce (gastrotrichs) ,and in some interstitial
groups such as Gnathostomulida or Otoplanidse they are lacking completely.
On the other hand, statocysts, semsory cilia, or semsory hristles are very
common, often very long or very regulerly arranged (examples are otoplanides,
gnathostomilides, and terdigrades.)

Reproductory adaptations

Reproductory adaptations are also known. The first involves sex cells
and sperm transmission. The number of eggs produced by the mesopsammon is
generally small, probably due to lack of space. The nunber may be drestically
reduced to one ripe egg at a time (as in some gnathostomulids, isopods, and
others). Also copulation predominates over simple release of sperms. Finally
spermatophore production is more common than in other marine environments.
Within the mesopsammon spermetophores are known in species of gastrotrichs,
archiannelids, polychaetes, and gastropods (Acochlidiacea). These structures
increase chances of fertilization, and avoid the loss of released gametes
(probably a strong possibility in the three dimensional porous system).

Viviparity and brood protection, also remsrkably developedyin the meso~
psemmon, obviously lead to the same goal. Some groups such as isopods and
amphipods already had brood protection before conguering the interstitial

environment. Brood protection is also found in Oto a (hydroid), in Nerilla
and other archiannelids, and viviparity in Urodasys igasfrotrichs). But most
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Fig. 36: Diagrammtic representation of locomotory progression
of Unela odhneri (Delamare) between two grains of sand.
a. b. ¢. k. Stages from contraction to full extension;
d.e.f.g. progréssion between sand grains; i.J. per-
istalsis of visceral sac (From Delamare 1960; Fig. 55).
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striking is the brood protection mechanisms of interstitial ascidians and in
Quynia (brachyopod) whose embryos, designed to become pelagic larvae, are
kept until ‘a more advanced stage of development (Swedmerk 1967, Monniot 1965).
The maintenance of species with low reproductive rates is made more certain
with these adaptations. They also increase the chances of remaining in the
biotope.

The tendencies toward benthic types of larvae; toward thigmotactic
larval behavior and toward neoteny (maturity at an earlier stage of develop-
ment)lead to similar ends (Fig. 37). In addition, neoteny also leads to
diminution, which is important in this environment. The high percentage of.
groups without pelagic stages is remerkable: bluegreen algae, turbellarans,
gastrotrichs, gnathostomulids, nematodes, tardigrades, isopods, amphipods
and others. Only a small minority of species such as gastropods and srchiannelides
have free larvae. But they also tend to have the first part of their development
protected within cocoons, and the hatched larvae are either reduced or they
demonstrate no positive phototaxis and therefore no tendency to leave the
substratum.

Behavioral adaptations

- Gregariousness, or the tendency of specimens of a population to aggregate,
has been observed in archiannelids (Boaden 1963, Gray 1966) and gnathosto=-
milids (Riedl 1969). The function of gregariousness is to keep groups of the
population in closer contact, a tendency which, particularly within the porous
system and in less dominant species, might be of biological importance. Thigmo-
taxis and positive geotaxis, the tendencies to stay in contact with the sub-
stratum and to orient toward the direction of gravity, are generally common
in all interstitial groups. Some groups (Acoela and Gnathostomulida), if kept
in & petri dish without sand, move ceaselessly for hours, seemingly searching
for a hollow leading dowmward until they finally die. The mortality rate is
also much higher in many interstitial groups if they are kept without substratum
(Riedl, unpublished), a phenomenon which merits detailed study.

Physiological adaptations

Physiological restriction to areas. of high oxygen tension is obvious in
some groups of turbellsrians (Otoplanidae) and gastrotrichs. However, the
observations are based only on emigration behavior and mortelity rates during
deterioration of the microclimate. Some information on adaptation to lack of
oxygen in gnathostomilids (Riedl 1969), some turbellarians (Catenulida), and
bluegreen algae can be derived from observing their zonation in the sediments.
Closer investigations, however, are desirable.

Trophic Relationships

The trophic situation within the mesopsammon subsystem is characterized
by low primery productivity, a smell number of filterers, a large number of
highly diverse so-called detritus feeders, & limited selection of diatom~-feeders
and predator types, and an important contribution of decomposers.
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Fig. 37: DNeotenic forms of archiannelid adults.
a. Trilobodrilus heideri Remane; b. Diurodrilus
minims; c¢. Nerillidium gracile; d.e. Protodrilus
(After Remanes from Delamere 1960; Fig. 50).
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Autotrophs

Autotrophic or primary production is restricted to the first milli=-
meters of sand surface and is due mainly to the activity of some bluegreen
algae and distoms. They can be brought to deeper layers; through the move-
ment of the substratum, but cut off from sun energy, there is no assimilation
in these layers. Therefore mixing of the top layers with deeper strata does
not increase productivity but only food distribution. Recently other strata of
(meinly) 'bluegceen algae have been found within the deeper, oxygen deficient,
"bleck layer" (Riedl, unpublished). As yet, the contribution of these saprophytic
groups to the system has not been studied.

Filter feeders

Filter feeders which channel suspended food directly to the system are
strongly restricted in the interstitial environrent. Only Monobryozoon
(bryozoan) and Gwynia (brachiopod), rare species, clearly belong to this group.
This is strange because of thé high wave energy, providing for transportation
of suspended matter. However, the strong reduction in current within the
porous structure, as well as the very restricted space conditions there might
not allow a greater contribution of this very successful ecological group.

Detritus feeders

So called "detritus feeders" are, by far, the most common group. The
species of all key groups of the mesopsammon, with the exception, perhaps, of
the nematodes belong to it. This huge ecological group has been divided
(By Remone 1933a) into four Subtypes, based on mechanics of food uptake:
Browsers (gnathostomulides, archiannelids, harpacticoids, ostracods, molluscs),
pumpsuckers (turbellarians, gastrotrichs, many nematodes, some polychaetes),
puncture-suckers (tardigredes), and sand-lickers (cumaceans , certain amphipods)
mogtly belonging to the endofauna.

Without any doubt, detritus feeders form the strongest and in & sense the
primary link in the food chain of the mesofaunal subsystem. Therefore a strong
inflow of - "detritis” forming the basic energy sources for a majority of inter-
stitial life can be éssumed.

However, "detritus" and"detrltus feeders" are vague conceptions and
of'ten (due to an aliiost complete Lack of knowledge concerning the biology of
most of the specie__s) a group is labelled as detritus feeding only because of
absence of formed food partitles in the gut as observéd with light microscopy.
They may be feeding ‘on small bacterians, sucking on bluegreen algae, or
collecting dissolved organic matter. This problem becomes particularly .
challenging since the key groups which are nearly restricted to mesopsammon,
gnathogtomuilids, gastrotrichs, marine catenulids (Sterrer, Riedl, unpublished)
and terdigrades belong almost entirely to this ecological feeding type.

Diatom feeders

Diatom feeders, a small percentage, are nearly randomly distributed within
these key groups. Some species of Acoela (turbellarians) , harpacticids and
other taxa show distoms quite regularly in the gut; others are too small to
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swallow whole diatoms. However, the number of specialized diatom feeders
mey have been over-estimated, because often diatoms may be ingested by
chance.

Predators

Predators are represented but strongly restricted to the very small
interstitial types. The interstitial ceolenterates in particular belong to
this group. The same is true with regard to two turbellarian groups (otoplanids
and kalyptorhynchians). The former, however, are normelly scarce, the latter
are generally restricted to surface layers, -and both are correlated with
coarser sands. The most sbundant predator group is probably the nematodes.
According to their pharyngeal organization (Wieser 1955) many endopsanmmon
nematodes seem to belong to this group. '

Decomggsers

Decomposers within the interstitial system are of great importance.
Humm (in Pearse, Humm and Wharton 1942) has shown an average of 200,000
bacteria per gram of sand in the interstitial zone at Beaufort, N.C. The
highest count was 1,250,000, the lowest 5 ,OOO/g. An increase from low tide
through mid~tide to high~tide level was found; the average values ranged from
34,000 over 110,000 to 486,000 per gram of sediment.' In general, the number
of bacteria increases as the particle size decreases (ZoBell 1938) or when the
percentage of organic matter rises.

The distribution and activity of bacteris also varies within the
different sediment strata. This is demonstrated by the formation of ferrous
sulfide (Bruce 19283, in the deeper black layer. The important contribution
of bacteria to the beach system merits mch closer examination.

Patterns and Causes of Species Distribution

Among the important parameters limiting the distribution of orgenisms
in high energy beach systems under natural conditions are desiccation, salinity,
fine sediments and coarse sediments. Desiccation, of course, is one of the’
chief dangers for marine life in the sand environment, but rising seas, high
capillarity and spray water help alleviate it. Furthermore, the smallest
inhabitants of the interstitial space (for example, Terdigrada) are often only
0.3 mm long and less than 0.05 mm high. This dwarf size enables several species
10 live within the fine water film surrounding sand grains that are only moist.

Freshwater boundaries and rigorous salinity changes caused by tide move-
ment are also limiting. At the ground water level conditions are much more
buffered and a wide bracklsh zone with a special fauna, mostly marine migrants,
connects the mexrine and the subterranean freshwater biotope.

Fine sediment limits the occurrence of the interstitial fauna In two
different ways. First, a reduction in the main grain-size-fraction down to -
200 or 150p excludes progressively all types of the mesopsemmon. Second, the
addition of fine sediment to a sand body soon chokes the interstitial system.
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In cases of tight packing and in less sorted sands (having a broader variety
of grain sizes) the amount of fine sediments required to close the interstitisl
space can be very small.

Too coarse sediment gives rise to a marine desert. There is a size
category (cobble) between coarse sand and boulders that is too large to pro-
vide the conditions of the interstitial environment, but too small to offer a
stable substratum for sedentary groups. Such "sediments" often lie as a limited
layer on flat rocky planes at or underneath low tide level. During stronger
surf action the whole layer moves, forming a deadly mill and grinding all living
structure between them. On days with qulet seas, smoothly polished rock banks
with traces of scrubbing mark the boundaries of this layer, which adjoins the
higher exposed areas at the surf level on younger rocky shores. Fine sediment
regions, on the other hand, are more common in sheltered areas and are always
found at greater depths.

All biological patterns are in & permsnent process of transformation. In
order to gain a position from vwhich to describe the processes involved in the
patterning of species distribution in beach systems, we are forced to assume
and to describe first a relatively steble situation. Furthermore, the causes
of species arrangement, the degrees of correlations between them, the amount
of information available, and the degree of our understanding varies strongly
from case to case. Primary and secondary causes of species distribution will
be discussed separately; correlation and an attempt at understanding will
follow.

Primary patterns

Primary patterns are those caused by envirommental factors directly
and not indirectly, as by species interactions. Such primary factors are
meinly the. inorganic gradients, but inelude also the energy gradients, in-
cluding food import. Today almost all our informetion regarding csuses of
biological patterns within the high energy beach system is related to environ-
mental factors. This is due to a certain extent to the great hydrodynamic
stress from the ocean, leading to an unusual predominance of influence of the
physical parameters and to high specialization of the edaphic conditions. In
other systems, such ag coral reefs, mangrove swamps, sea caves, and algae beds,
secondary patterns are known to regulate many subsystems, but even in these
systems, primary patterns were the first to be understood. Therefore, the
situation with regard to sand systems may be due to the preliminary stage of
our knowledge. '

Species patterns may be analyzed by the descriptive approach of studying
zonation first in its broadest sense; analysis then leads to component corre-~
lations and synthesis to an understanding of the subunits or associations
within the system.

Zonations my be considered as the result of & combinstion of grad-
ients. They are three dimensional and vary in theilr scales from micro- to geo=-
graphic distributions. -

Beach profiles have been divided into from three to five zones, according
to the species (Davenport 1903, Schultz 1937, Dahl 1955) and the local geomor-
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phology. The backshore area, or subterrestrial fringe, can be characterized
by talitrid amphipods; by the ghost crab and by the lack of marine mesofauna
in the drying surface sand. The frontshore region can be divided into three
biological zonmes according to local conditions: +the moist area or the slope
contains corophiids on the surface and tardigrades and mystacocarids below

the surface. The low water terrace contains typically burrowing arenicolids,
thalassinids, cirolanids (isopods) and gnathostomilids in the black zone
underneath. In the surf zone Emerita and Donax of the endofauna, and otoplanids
of the mesofauns are most characteristic. In the offshore zone diversity again
increases, including very distinct microzonations of nematodes, harpacticoids,
turbellarians, and even shrimps (Ax 1951, Cerlach 1948, Noodt 1957 and others;
Fig. 38). However , our knmowledge cannot be generalized yet on & worldwide
scale.

Vertical faunal layering is clearly developed, but it varies strongly
from zone o0 zone. In the backshore, for example, there are mainly three
layers related to humidity, salinity and temperature changes. Terrestrial
dwarf arthropods populate the dry top layer, tardigrades and mystacocarids
are mainly in the underlying moist layer and archiannelids, malacarids, iso-
pods and smphipods are in the groundwater layer. In the offshore zone, on the
other hand, the surface layer holds filter feeders while the deeper strata are
layered sccording to oxygen availebility, with only nematodes in the lowest

populated part.

Coastal sequences, the faunal changes along the coast, are mainly re-
lated to exposure, sand grain size and coastal angle as is clearly shown in the
meso~ end endofauns. Mollusc zonation ranges from Olivia and Donax types in
exposed areas to Nagsarius and Tagelus in sheltered, mddy, fine sand flats
(Fig. 2). Many examples can be given within mesofaunal groups.

Mich less is known of species zonation within the larger scale of geo-
graphic sequences. However, within the macrofauna (Figs. 39 and 40O, Dahl 1952,
195%) and particularly in cases where more information is available, as in lug-
worms (Fig. 41) geographic patterns become very clear.

Correlations of factors determining zonation are usually made using
field ecological approaches at first, and are later studied under laboratory con-
ditions. Climatic, edaphic and xenotrophic factors (i.e. food sources from
outside the system)are involved (Jansson 1968 ).

Hunidity deficiencies reduce the fauna to smaller size classes and to
life in thin water films covering the sand grains. Presumably, a change from
marine to terrestrial types of interstitial fauns occurs vwhen the air spaces
increase between sand grains.

Light influences first of all the distribution of autotrophic plants,
mainly diatoms, within the surface layers. But archiannelids also because of
their light sensitivity are kept within a well-defined layer (Gray 1966).

Temperature affects many species in the foreshore and particularly in the
backshore regions leading to avoidance of areas of higher temperature or high
temperature change, or to migration into deeper areas during hours of most
intense radiation. Temperature stdbility within the groundwater, on the other
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Fig. 38: Microzonmation within the well horizon (quell
horizon ) of the North Sea in July 1964 showing
distribution of 6 species of the mesopsammon

(From Doerjes 1968; Fig. 10).
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Fig. 39: Distribution of talitrid amphipods which dig in sandy beaches,
and of the crab genus Ocypode. Black circles indicate location
and number of amphipod species (1-4) with this ecology. Dis-
tribution of Ocypode is shown by the stippled area between black
lines (From Dahl 1952; Fig. 6).

Arctic " North Temperaie <Tropics South Temperate Antarctic

Subterrestrial
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Midlittoral
zone

Sublivoral -
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Fig. 4O: Generalized diagram showing zonation of sandy hea.ch crustacea.ns :Ln the
main climatic zones of the earth. 1. Talitrid amphipods; . 2. ocypolid
erabs; 3. ecirolanid isopods; 4. lysianassid a.mphipods (genus Pseuds-
librotus); 5. oedocerotid amphipods; 6. hsustoriid amphipods; 7. hippid
crabs; 8. phoxocephalid amphipods (From Dahl 1952; Fig. 8).



‘Key to the forms:

genus Arenicola

@ marina marina (L.)
® maring schantarica Zachs 1929
@ marina glacialis Murdoch 1885

O loveni loveni Kinberg 1866
© loveni sudaustralionse Stach 1944

the “cristata group "': -

QO oristata Stimpson 1856

D brasiliensis Nonalo 1958

® zlasselli Berkeley & Berkeley 1939
& bombayensis Kewalramani oz ol. 1959

Fig. 41A: World distribution of the lugworm genus
: Arenicola (From Wells 1963; Fig. 5).
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genus Abarenicola (fovins with statocysts)

affinsis affinis {(Ashworth 1903)
affinis africana Wells 1963
affivis chiliensis Wells 1963

assimilis brevior Wells 1963
assimilis asvimilis (Ehlers 1897)
assimilts msularum Wells 1963
assimilis devia Wells 1963

; ilchristi Wells 196
assimilis haswelli Wells 1963, gilehrizti Wells 1963

<<
4 <1<

genus  Abarenicola (cystless forms)

claparedii claparedii (Levinson 1883)
claparedii vagabunda Healy & Wells 1959
claparedii oceanica Healy & Wells 1959

L. fwilla (Quatrclages 1865)

>Bp

A pacifica Healy & Wells 1959

Fig. UW1B: World distribution of the lugworm genus
Avarenicola (forms with statocysts)

(From Wells 1963: Fig. 5).
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hand, is one of the main factors permitting the existance of its typical fauna.

Salinity gradients affect faunal distribution in three dimensions.
First, there is a remarkable faunal change from the purely meripe, through
the brackish, to the limmic groundwater zones. The same is true for salinity
changes in the surface sands, from open marine shores to freshwaters in
estuaries (Fig. 42). The third faunal change occurs between groundwater and
surface sands in the upper foreshore region.

With changes in respiratory gas levels, dramatic changes in the fauna
are to be observed. With increasing depth into the sediment, oxygen vanishes
and turbellarians start to disappear (as shown by Jansson 1967). Numbers of
nematodes also decrease. At the same time, saprophytic bluegreen algae, ghathosg-
tomuli%s and a new suborder of catenulid turbellarians increase (Riedd, unpub-
lished).

Farlier it was assumed (Wilson 1952, Pennak 1951, Delamere 1953) that
purely calcarous sands would bear no interstitial fauna, or at least a very
restricted one. This, of course, has been disproved (Renaud 1955): The fauna
of this almost always tropical organogenic sand may be as rich as that within
guartz sands. However, our information is still in a prelimihary stage.

Sand grain size is clearly a dominant factor in the distribution of meny
groups studied. It determines the lower limits of porous space aviailable for
interstitial fauna. Among the endofeuna are species such as cumdceéans (Wieser
1956) which show a very distinct preference for grain sizes less than 160 u
. which they are able to turn easily in order to lick the epigrowth. Distribution
of mesofaunal species depends on space dimensions, as shown with hydroids,
turbellarians, gnathostomulids, gastrotrichs, archiannelids end others (Boaden
1962, Gray 1967, Riedl 1969, Schrom 1966, Swedmark 1957, Sterrer 1965, Wieser
1959). The lower grain size limit has been drawn at around 200« (Fig: 43) for
most groups, but gnathostomilids can exist in sand with grain size at lEQM and
less (Wieser 1959, Jansson 1967, Riedl 1969).

Food input, mainly from the sea, also affects faunal distribution. Pop-
ulation density increases near surface strata and in proximity to wave activity.
However, the relation between pelagic food sources, hydrodynamic forces, and
grain size and the filtering function of the sand is still unknowm.

Subunits of faunal grouping within the high energy beaches can be proved
statistically and described as associations of species which are regularly to
be observed. The causes of such associations and their function will be dis-
cusged, but our knowledge is limited and no overall picture can be drawn on a
worldwide scale. Six examples will be given.

1. A low-water-step or well-horizon fauna (Fig. 38) has been defined
(Remane 193%2%a). It is characterized by the dominance of otoplanids (turvell-
arisns) and seems to have a worldwide distribution. The subsystem is characterized
by high energy input, groundwater outflow, coarse and strongly moving sediments
and exceedingly quick and heptic species, mainly predators. It may have a cer-
tain autonomy in that beached plankton and stranded meiofeuna are the main food
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sources.

2. A passive migratory layer covering the whole foreshore area has
similarities to the low water step fauna (Rieger and Ott 1969). A selected
group of very long and slender acoels, kalyptorhynchs and coelogynoporids
(turbellarians), and nematodes migrate with the shell meterial up and down with
the tide. Using the surface material as a 1ift, they benefit by remaining con-
stantly within the zone of maximel energy input.

3. The humid zone, an area "between interstitial tide-marks" including
the space of capillery forces above 1t, is characterized by infiltration of
air within the interstitial systen. Capillary forces bring fresh and brackish
weter to the surface, evaporation takes place and salinity incresses. Rain-
fall and heavy surf influence this balanced situation. The fauna has strong
brackish water elements (Cerlach 1963) but also terrestrial components. A
certain autonomy from the other interstitial environments is based on its food
sources. Wrack material (higher algae and seaweed) often becomes imbedded in
and important within the humid zone, forming layers of detritus in various
stages of decomposition.

4. The brackish ground water bed underneath the backshore area is char-
acterized by various archisnnelids, copepods, isopods and asmphipods in all
stages of adaptation to subterranean freshwater. Very small (0.5 to 2.0 mm)
and slender types are selected (Fig. 44). The independence of this subsystem
is based mainly on its food source, detritus brought in by the current of con-
tinental groundwater.

5. The black zone in the deeper fore- and offshore area, bounded by &
strong redox-discontinuity layer (Bruce 1928b, Pennek 1951, Perkins 1957,
Fenchel 1969), can also be defined by its lack of oxygen, by its special fauna
of (mainly) gnathostomuilids and catenulids (Riedl 1969), and by its unusual food
sources, including anaerobic bacteria and saprophytic bluegreen algae (Riedl,
unpublished ).

6. Finally, a whole series of zones between the exposed and sheltered
extremes of the sand beach have been defined, meinly in terms of dominant species
of the sand surface (Remane 1940, Ax 1951, Gerlach 1953, Noodt 1957, Bilio 1963),
very characteristic for the Baltic Sea (Fig. 45).

Secondary patterns

Secondary patterns of species distribution are found within the endo-
and mesofsuna. Species arrangement in these cases depends on groupings based
on primery distribution patterns. Since clarification of most interspecies
relationships is still lacking, much less information is aveileble on secondary

patterning.

Within the endofsuna, a surprisingly great amount of commensalism has been
discovered. Some groups (e.g. erycinacean bivalves) show a high percentage of
commensal types, and "most of the hosts are slow moving, almost sessile forms,
vhich burrow in sandy or middy bottoms” (Boss 1965). In a more primitive stage
the commensal is not very selective; sedentary animals such as entoprocts and
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hydroid snecies use the shells of living clams (Donax) and crabs (Emerita)
as a relatively. stable substratum. The strong hydrodynamic action offers
excellent conditions for them, and the migrating macrofauna, which travel
with the tides and settle in the surface layer, offer adequately stable sur-
faces for attachment.

However ) ,the macro-species are even more attractive to commensals if
they provide trué stability. This is particularly the case for types settled
in relatively permanent tubes such as arenicolids (lugworms) and thalassinids.
Up to nine different commensals are known to populate a single species (Fig. 46).
Although this seems to be a high amount of commensalism, more recent papers
have made it clear that d:.scovery of new comensal relationships will continue
(sanders et al.; 1962, Jenner and McCrary 1967). Obviously living stability
(1.e. stebility provided by mmérofauns which adapt and compensate) creates
oases of high attractiveness within an enviromment of great food supply but
of unfavorable changeability.

For the meiofeuna of the endopsammon, information is too limited to
permit drawing a more general picture. We do not know whether this lack is
based more on greater difficulties in observing species correlation in the
psammon Or more on a tiue reduction in inter-species relationships, due per-
haps t0 edaphic llmitatlons or difficulties.

Wl‘thn 'the microscopic mesofauna true commensalism is also detected.
It mainly involves syncarids and interstitial isopods and amphipods bearing
commensal shctorians (Delemere 1960; Fig: 47).. The majority of interspecific
relations, however , such as that of predator and prey are not yet clear. This
is because tHey have no permanent and solid contact, and because direct obser-
vation i& not possible. AllL 1nfornation mist come first from statistically
s:.gn:.ficant correlations; causes and effects will have to be analysed after-
ward. It can be predicted for example s that the distribution of diatom feeders
will be correlated with algae zonation and so on; however, we do not know how
‘selective most of the grazers and- pcredators are.

A few examples mey illustrate the complexity to be expected. Colonization
experiments with sterilized. sand within the natural environment lave demonstrated
that diatoms, diatom-feeders, and predators follow each other in sequence
(Boaden 1962, Rensud-Debyser 1963). The zonation of some gnathostomilids
within the black layer is almost identical with that of one of the bluegreen
alga.e in this area; a direct connection therefore is probable (Riedl, unpublished).
Flnally, choice experiments, have shown that Turbanella (gastrotrlch) avoids
a sediment which 1s or hds been populated by Protodriloides (archiannelid).

The degree Jof interspeciflc correlation is important mainly in eluci-
dating the structure of a biotope, but in the sand environment it is less clear
than in other near shore biotes. This may be due to the tender age of psemmo-
logy as well as the peculiarities of this three dimensional, opaque, and shifting
substratum. ‘

Actuslly, modern psammology is still in the descriptive stage, since not
even all the main types of its biote are yet described, and large geographic,
areas remain completely unexsmined. In some areas, as in the north European
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Fig. 47: Commensal suctorians (Tokophyra microcerberi Delamare
and Chappuis) on the amphipod Microcerberus remyi
Chappuis (After Delamare and Chappuis, from Delamare
1960; Fig. 254).
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coast, the fauna is becoming fairly well known and the distribution batterns

of some key groups have been studied. Species relations are only beginning '

to be clerified under laboratory conditions. It may, therefore, be too early
to predict the degree of species correlation which will eventually be shown to
characterize the sandy beach. However, the high energy beach is a geomorphologi-
cal entity and presumably a biological entity as well, with a miltitude of
interlocking ahd homeostatically functloning components s rrotected, or at least
delimited, from nelghborlng systems. One group of such interconnecting com-
ponents is based on interspecific relations. Others are based on common food
sources, general edaphic structures and/or common gradients of key climatic
factors all integrated by geomorphological features. At least one of the causes
underlying species correlation must be strong, if even moderate homogeneity is
to occur. Since most of the physical patterns which give rise to high energy
beaches are strict and rigorous, and probably dominate the system, interspecific
relations may play a relatively small role in keeplng the system in order and
functioning.

Dynamics of the High Energy Beach Systen

Just as the existence of each organism is based on a permanent flow,
interchange and exchange of energy, substances, and structures, so does the
existence of each ecosystem depend on their balanced flow. This analogy should
not be exaggerated, but clearly an ecological unit mst obey the laws of its
l:n.v:.ng components, as well as the laws governing its entity as a balanced systemn.

Permanent trophic dynamics

Not only should the lines and loops of the food chains be followed
through the individual producer, consumer, and decomposer steps, but the whole
balance between input and output should be exemined.

Primery producers, autotrophic plants, are restricted to microscopic,
interstltlal groups, mainly diatoms. In gheltered areas, this benthic plant
life may be dense, but it is restricted to the top centimeter (Pbmeroy 1959) -
and tends to migrate to the surface (Aleem 1950) In high énergy beaches, how-
ever, the diatom population is scarce (20g C/ ) and the yearly production is
very low (’+-98 C/ma) These organisms may extend down to 20 cm, however,
(Steele and Baird 1968), and this raises two mein questions.

First, since mixing of sand over long periods affects no more than the
top 5 to 10 cm, populations below this level have no access to light for several
months. One might assume that these diatoms assimilate carbon heterotrophlcally
(Lewin and Lewin 1960), but to other authors (Munro and Brock 1969) this seems
unlikely. Second, it is obvious that the small productivity within the system
does not cover the systems general needs. Thus, other stronger food sources
bringing energy from outside can be predicted.

Among the consumers, there are only a few groups of macrofauna which con-
tribute energy to the system by collecting food from outside. Ome type of
endofauna collects food outside and releases feces within the substratum
(Bmerita, Amphioxus); a second type collects outside but also releases wastes
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outside (Cardium, Donax); & third type filters particles from the sand and
deposits feces on the surface (ﬁrenicola, Balan%lossus). The contribution

of these macro=-organisms may be considerable, but little data are available.
The contribution of the filtering mesofauns seems not to count quantitatively,
nor is it clear how much they really take from outside the system.

The largest percentage of the psammon species feed within the sediment
layers themselves. Remane (1952; see Fig. U48) shows the high diversity of
feeding types. However, the participation of several other groups such as
heterotrophic or saprophytic plants has not yet been evaluated. There is
evidence that bluegreen algae reach & density of 10,000 cells per liter of
sediment in the deeper layers, equal to the maxims of nematodes (Riedl, un-

published), but their contribution to or position in the food chein is unknown.

Undoubtedly, the decomposers have a key position in the beach system,
due to their density and their variety of functions. Humm (in Pearse et al. 19%2)
counted 200,000 bacteria per gram of sediment belonging mainly to the nitrogen
cycle, agar=~ and chitin-digestion groups. Besides these, the sulfur bacteria
(Fig. 49) are of great importance, particularly in the black layer. Altogether
16 different functions of bacteria within the sediment are listed (ZoBell 1938).
Decomposers in the sand environment obviously represents also an important food -
source for & great mumber of consumers. Whole phyla might be specialized on
them. ,

The energy input and output relationships of the beach system - all the
correlations with neighboring environments - are still unsolved. A great energy
input is to be expected from the open sea, but wrack beds, birds, and groundwater
flow also contribute energy to the system. Adequete data are lacking. :

It has been generally assumed that detritus and plankton washed up on the
beach may be one of the main food sources of the psammon. ‘Yet cadavers of
planktonic organisms are seldom found within the porous system and only the
smallest types of phytoplankton can filt into the interstices. In contrast to
this, the content of organic matter moy be remarkably high. The senior author
therefore suggests a theory of a "beach-filter-mechanism”, as follows.

First, dissolved organic matter in sea water ranges mostly between 0.5
and 2.5 g carbon per ton and the values are especially high in surface and
coastal waters. Second, bubbling eir through a seawater columm creates foam
at the surface, the amount of which corresponds to particulate matter pmoduced,
which may be a food source for invertebrates (experiments with sea-aquarium
techniques and experimental oceanography, Sutcliffe, Baylor and Menzel 1963,
Barber 1966, end others; for criticism see Menzel 1966). Third, the surf may
be considered as a permanent and effective bubble mechanism, extremely fine
bubbles reaching a depth of thirty meters (Riedl 1966). Fourth, within the
whole critical depth, the oscillation of water particles underneath the waves
reaches the bottom. Thus, not only does the foreshore region receive strong
input from each wave, but & large part of the offshore region must also be
included. In the foreshore region gravity contributes to the penetration of
surfwater into the sand~body. In the offshore region mixing of water with the
sediment surface layer is important. Alsgo the suction effect of the boundary

.
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layer, migrating with the permanent translocation of the pattern of particle
speed near the bottom may cause a flow through the interstices from locations
of minima to maxima of oscillation velocity. Within the sandripple structure
this suction pattern may even become stable. Fifth, finer fractions of the
sediment attract very small particles and possibly even the most extremely
fine particulate matter. Theoretically, these five components together form
the world's largest physical filter of organic matter.

Only theories are available with regard to input problems, but even
more obscure are the phenomens relating to output of the biological beach
system. Very few live adulis or larvae of the psammon may be expected to
leave the sand environment, so COp and nutrients may be the main contribution
of the sandy shore to the overall marine biosphere.

Rhythmical changes

As in most coastal environments, rhythms are strong. They control
population fluctuations, faunal distribution, and physiology as well as var-
jations in behavior. Three main types of rhythms can be distinguished according
to their length and the causal forces involved. They influence each other.

Tidal rhythms change the energy pattern, humidity, interstitial oxyzen (Fig.50)
groundwater flow and other parameters. The epipsammon follow exactly the
translocation of the shoreline with the tides. Many groups of the endopsammon
do also. Emerita (MacGinitie 1938, Pearse et al. 1942) and Donax (Fig.52, Mori
1938, Marsh 19325 are good examples. Within the mesofauna the earliest case
reported was Convoluta roscoffensis (turbellarians; Gamble and Kedile 1905) which
appears in masses during low tide, forming green patches on the sediment surface
and exposing their symbiotic algae to the sunlight. Most behavioral adaptations
to the tidal rhythms may be still undiscovered. However, it was shown recently
(Rieger and Ott 1968) that five types of migratory patterns can be observed:
active vertical migration with the tide, active vertical migration against the
tide, active horizontal migration at low tide, passive migration with the tide
(riding on drifted shell), and mixed types of migration.

Circadian (daily) rhythms change visibility and surface conditions within
the back and foreshore areas. Shorebirds are active in the daytime, while
ghost crabs and egg-laying seaturtles appear at night. Convolute appears at
low tide only during daylight hours and some behavioral patterns of vertical
migrators (mentioned above) are under a circadian regime, due to loss of humidity
and raising of temperatures during strong radiation.

Seasonal changes are due mainly to the influence of water and air tem-
perature directly, and indirectly through their effect on other parameters such
as oxygen (See Figs. 7,8,9,51 and Table 1,2,3,6,7). Growth, activity, breeding
and many other processes are seasonally dlrected and nearly all species within
the system are affected. Furthermore migration and density of populations are
related to seasoms. Populations of one of the typical intertidal amphipod species
decrease in winter and move seaward (Dexter 1967); the same is true for an
intertidal turbellarian (Ddrjes 1968; Fig. 53). The opposite holds for some
moist zone tardigrades which approach the shore, with a mlnlmum population in
summer (DeZio and Grimaldi 1966).
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Mixed types which are dependant on more than one of these rhythms might
be expected to be rather abundant, but clear examples are difficult to find.
Convoluta has been mentioned. One of the most striking examples is in the
macrofauna, an atherinid fish, the grunion, (Leucresthes; Clark 1925, Korringae
1957). It spawns during a 1 to 3 hour period in summer leaving the weter at
night immediately after spring hightide. On such a night the exposed part of .
the foreshore may be covered with mating and egg-depositing specimens. Develop-
ing eggs buried in the sand, are designed to be protected a fortnight and to be
washed back to the sea with the following spring tide.

Biological successions in high energy beaches, non rhythmical and often
non reversable, very greatly in their time scale. They range from intervals of
an hour to geological times; from the time it takes to conquer & new micro=
niche to the lifetime of the shelf system of a continent. Within short intervals,
direct observations are possible, while long time effects can only be derived.

In short term succession, it would be interesting to know the time re-
quired and the processes involved in the conquest of new substrata, in the
balancing of communities and in commnity aging and disappearance. Only a few
of these problems have been touched however. Sterilized sand put back on the
beach becomes repopulated rapidly and its biological balance is reached in a short
time (Boaden 1962). This is understandable because all the biotic elements are
very near and ready to expand into the new space. Yet very isolated sands are
also populated in a relatively short time: A seacave within the steep rock of
Banjole (northern Adriatic; Riedl 1966 p. 59) contained no sand from 1952 to 196h4.
Boulders appeared in 196l in its background and were undergoing grinding in 1962;
coarse sand and shell with ripplemarks were produced in 196Lk. TIn 1965 and 1966
this sediment had already assembled otoplanids (Riedl unpublished). Yet the
nearest environment with Otoplanids was two miles away on the shore. Unfor-
tunately, nothing is known regarding the processes or the time required for
ripening or ageing the sand biome.

Long time successional effects are related to permanent change in the
beach profile and the whole coastline. Large amounts of surface sand are transe-
ported daeily and the profile of the beach changes with wave action. Often
retreat of sand produces large cuts (Bascom 1951; Fig. 5LA) and sand accretion
occurs in smaller steps. Biologically this means that in an eroded area either
most of the sand fauna are lost or they have mechanisms to protect themselves
such as by hiding in deeper layers. It also means that vertical zonation and
layering must change daily. As a matter of fact, nearly all species tend to
migrate, even the smallest types within the interstitial spaces. The tardigrades
migrate up to & foot a day (DeZio and Grimaldi 1966; Fig. 55). Everything is in
motion in the sand and & specimen mey never reencounter its place of birth.

In places with high sediment output and strong waves and currents, as
in inlets of estuaries (Fig. S4B), coastal lines change dramatically. In cases
such as Aveiro, Portugal, where data over long historical periods are avail-
sble (since 1318, according to Abecasis 1955) changes of beachlines are especially
striking. And on the geologic time scale, we need go only into early Pleistocene
t0 see changes in continental dimensions. It is evident that the psammon have
easily followed all the physical translocations of sandy beaches, the most
movable part of. this ancient system.
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Chapter A-3

HIGH VELOCITY ECOSYSTEMS

In channels where sea waters flow at high velocities, 3 to 20 miles
per hour or more, bottoms are swept clean of fine sediments and reef-like
accumilations, and specializeq encrusting organisms develop growths, taking
advantage of the foods available in the rapidly passing waters. The same
kinds of ecosystems also develop on the bottoms of ships where they are some-
times called "fouling commnities" and inside large pipes through which sea waters
are pumped as in industries where waters are used for cooling. 1In nature the
system occurs on hard coarse bottoms where tidal flow passes through narrow
passages and inlets. '

The very strong current dominates the system and allows dense patterns
of attached organisms but also is a source of stress requiring energles to
be expended by thé organisms in adaptation. If the surface is within range of
light, heavy algal growthe develop facilitated by the rapid remewal of nutrients
for photosynthesis. . High velocity channels are favorite collection locations
for dredging of marine organisms in quaentity. Because the high currents often
occur in high salinities at the entrance to estuaries where conditions, other
than current, are uniform, species diversities tend to be moderately high, but
~diminishing with current. This system is found in every state of the U.S. but
one of the best studied examples comes from abroad. ’

EXAMPLES
Loﬁgh Ine Rapids.

A much studied ecosystem is the Lough Ine Rapids in Scotland vhere &
strong tide flows in and out of a Scottish loch forming a shallow salt water
. rapids in which grows an enormous concentration of plants and animals as illus-
trated in Figs. 1-4, teken from a recent review article of these studies
(Kitching and Ebling, 1967). Heavy growth of algae supports a food chain of
algae-eating sea urchins (Paracentrotus). Laminarian brown algae grow in other
zones, supporting encrusting bryozos with densities that vary with the current
(Fig. 4 ). Invading with different stages of the tide and time of day are crabs
and fishes that eat animals from the rich bottoms when slack currents permit
(Figs. 2 and 3).

Worm Tube Reef in a Cooling Intake Pipe

Heavy calcareous reefs built by animals in the pipes of fast flowing salt
waters occur in the intake of the Corpus Christi Power and Light Company, Texas
. (Behrens, 1968). The growth rapidly closes the pipe unless prevented (partly)
with chlorination. .The waters drawn into the pipe come from a polluted herbor,
which may account for the simplicity of the worm tube reef,exclusively of
Hydroides norvegica Gunnerus. Thisserpulid is also found on the bottoms of ships
that enter the harbor (Fig. 5). The larvae are released into bay waters (Fig. 6).
Other cooling pipes have simple reefs of other speciés. Hutchins found mussels
forming reefs (10 1bs per square foot in U4 months) in cooling pipes in Massachusetts
(Woods Hole Oceanographic Institution, 19522). The problem of reefs in pipe may
be very serious. If chlorination is used to kill intake organisms, the system
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Fig. 1. A salt water tidal rapids in Scotland
(Ritching and Ebling, 1967).
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Numbers of individuals

Tide In the lough

EAST GOLEEN

201 Carcinus manas

Portunus puber

Prawns & shrimps

20
GLANNAFEEN QUAY Carcinus manas l

0 /\A a&NAA RN :

5
Portunus puber
5 A

Prawns & shrimps

¢} 24 6 i2 18 24 é 12 18

Time @s.T)

Numbers of crabs and prawns on beds of small mussels laid in extreme shelter

Fig. 2.

at East Goloen, and in a more open part of the Lough at Glannafeen Quay. Black signi-
fies sublittoral, white signifies littoral. Carcinus maenas and Portunus puber were opening
and eating the mussels; the prawns (mainly Leander serratus) were merely scavenging.

Swimming carnivores in the Lough Ine Rapids
(Kitching and Ebling, 1967).
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Time of
activity
DAY Birds
NIGHT Cancer Portunus Carcinus Marthasterias
S\ puber /
- A
DAY Paracentrotus Gibbula
ctheraria .
NON- Attached Anomia
MIGRATORY algoe
’ Plankton

Diagrammuatic representation of major food chains in the Paracentrotus com-
munity in relation to times of daily activity. :

Fig. 3. Urchin-algae food chain in Lough Ine Rapids
(Kitching and Ebling, 1967).
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Population density of Patina pellucida on Saccorhiza polyschides (whole plant)
in relation to the speed of current at fastest Bow (in metres per second). For position of
stations see Fig. 4. September 1946. @ mean number of Patina per Saccorhiza plant;
© nurmber of Patina per 3 Ib of Saccorhiza,

Fig. 4. Populations and current velocity in the Lough
Ine Rapids (Kitching and Ebling, 1967).
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will serve to deplete bays of larvae, foods, and biotic food chaingto whatever
extent the bay waters are pumped.

Aransas Pass Inlet )

Aransas Pass (Fig. 7) is one of the many narrow inlets through which
main currents of estuarine exchange flow iIn and out of the open sea. Dredging
in this inlet produces coarse rubble of encrusting reef animals including sponges,
oysters, bryozoa, barnacles, mussels, and other filter feeding animals. The
seasonal pattern of larval release from reef-forming animals in the inlet is
given by Behrens (1968) in Fig. 6. Other date are in Fig. 8. One of the
carnivores of the rocky margins is the stone crab which cen breek open encrusting
skeletons. Powell and Gunter (1968) (Table 1) found seasonal changes in sizes.
Black Abalones from California were introduced in the pass in December 1959.
They lived on the rocks until high temperatures of summer.

Beaufort Inlet, N.C.

With higher tides than at Port Aransas, a wider chamnel is meintained
at Beaufort Inlet, N.C. (Fig. 9A) strong currents being spread over a wider zone.
Ingram (1965), as shown in Fig. 9B,maps coarse sediments of shell and sand with
little residual organic matter. The fast and turbulent injections of waters from
estuarine and open ser sides alternate with the tides, most plankton being
recently injected from less stirred areas and removed’ from the inlet before any
kind of adeptation may take place. These plankton populations, however, are the
basis for rapid growths of attached animals on sides and bottoms.

Williams and Murdoch (1966d) (Fig, 9A ) measured weight of plankton,
chlorophyll representing phytoplankton, and bottle measurements of photosynthesis
and respiration serving as an indication of the physiological state of the
cells. The seasonal pattern of larval release and setting meinly runs with the
pulse of available plankton production,March to November, as given in Fig. 10
(Woods Hole Oceanographic Institution, 19529.)

Rollover Pass, Texas -

A much studied inlet in Texas is Rollover Pass shown in Fig. 11. Probably
because nearby Galveston inlet (Boliver) was deepened for navigation, sediment
filled in the small natural pass. At the behest of sportsmen it was dredged open
in 1955 (300-1800 ft wide), although it soon filled up again. While open it
was & popular fishing location and Reid (1957) studied the fishes before and
after the changes, describing the inlet as faunistically rich with speckled trout,
croaker, spadefish, drum, redfish, pigfish, silver perch, pinfish, ladyfish,
catfish, rays, sharks, bluecrabs, eels, and pompano.

The Floating Buoy

Buoys are anchored in channels and inlets and have very fast current
regimes with rapid growth of the attached ecological system. In Teble 2 and
Fig. 13 are shown the weights which accumlate, these in addition to the export
of growth to the many animals that feed on these reef-like accumuilations.

In Fig. 12 is shown é much quoted diagram of the early start of succession
with the bacteria making an immediste slime covering followed by algae (1f
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Mumbers of larvae of the three most abundant fouling organisms settling and mefa-
morphosing on filter screens in flowing sea water system at the University of Iexas Marine
Science Pier Laboratory on Aransas Pass inlet, Port Aransas, Texas.

Fig. 6. Larval set iniAransas Pass Inlet, Texas (Behrens , 1968)
Table 1.

Measurements in millimeters of stone crabs taken from the south
jetty (Mustang Island) of Aransas Pass.

(1947-48)

December January June July August
Number 10 45 - 73 95
Range, Width of .
Carapace 9.8 to 55 to 4.2 to 39 to 48 to

. 17.1 49.0 74.6 80.0 62.4

Mean Width of
Carapace 12.32 22.53 24.97 29.95 24.74

(Powell and Gunter, 1968)
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Fig, it. Rollover Pass and East Bay (Galveston Bay), Texas (Reid, 1957).
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Beaufort, North Carolina. Fouling on wooden and glass surfaces February 1942, by Ketchum et ol. (20). Temperatures are mean monthly values
exposrd for short and long periods between February 1941 and February 1942, at Piver's Island, 19141928, from McDougall, after Gutsell.
by MeDougll (23), and on glass panels one month between November 1940 and

Fig., 10, Seasonal patterns of set of attached animals near Beaufort Inlet,
North Carolina (Woods Hole Oceanographic Institution, 1952a).
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slime film developing on a surface immersed in the sea.

Fig, 13. Growth on surfaces as a function

of time and temperature (Woods Hple
Oceanogrnphlc Institution, 19523f

L

Fig. '12. EBarly succession (Woods Hole
Oceanographic Institution, 1952a).
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Numbers of barnacles attaching to test panels exposed at Miami
Beach during successive years. A fresh panel was immersed every 15 days and
was examined after one month's exposure. The solid area represents Balanus
eburncus; the clear arca, Balanus amphiirite; and the hatched area, Balanus
improvisus. After Weics (42).

Fig, 14, Seasonal record of new barnacle attachment
in Miami Beach walters before modern eutrophication
(Woods Hole Oceanographic Institution, 1952a).

Table 2.

Esnmated Yearly Accumulation of Mussel Fouling

Mean Yearly Month-  Estimated
Location Temperature  degrees Fouling
e per Year Ibs./sq.ft./yr.
Mount Desert Rock 44.7 152 2.72
Boston Lightship 48.3 196 - -3.55
Fire Island ngbtslnp 52.9 251 4.61
Winter Quarter Lightship 57,5 306 - 5.6

(woods Hole Oceanographic Institution,195%),



264

there is light) and associated smell animals all in less than two weeks.

With timing epparently correlated with availability of food to the new stocks,
larval releases provide the "set" to start the attached animals. As shown in
Fig. 14 at Miami and Fig. 15 in San Diego where the light regime is not
varying so sharply, as in N.C., the regime to support the reef organisms and
their repmroduction is fairly even as 1s the set and growth. There is some
minimim in winter when the light energy to the food chein is less. Contrast
the more southern steady patterns with the sharp season in the northern waters
of Maine and elsewhere where reproductive activity seems to be timed with the
spring-summer blooms of plankton end runoff from melting snows (Fig. 16). In
Fig. 13 the growth 1s related to product of months and degrees suggesting a
role for temperature. However, the temperature is following the light energy
input to the food chain with a small lag as heat accumlates, thus keeping pace
with the accumlation of energy in the food chain which also lags. The sharp
changes of monsoon regimes in Indis have a substitution of species in the
reproduction progrem, but there is some activity contimnually (Fig. 17).

Bottoms of Moving Ships

Much studied by the Navy are the fouling commmities on the bottoms of
ships in spite of the toxic paints applied to prevent the growth. Examples are
given in Fig. 18.

STRESS DRAINS
Current Factor

Studies relating the growth of particular fouling specles to current
show optime as in Fige. 4 and 19. When current is low, the specles does mnot
receive enough food and aeration for its internal metabolic setting. When
currents are very high the stress of attachment, feeding, and maintenance
diminishes the amount of biologicel structure that can be maintained.

Chemical Stress

Whether chemicsls are in the surface material or diffusing in the water,
they serve as & stress require special adaptations, and simplify the variety of
the ecosystem which develops and the amount of biotic orgenization required.
The’ growths on bottoms of ships in spite of anti-fouling paints and harbor
pollutants are a good example of the system that results with addition of a
man-mede chemical stress in addition to the high current stress. An example
of copper toxicity diffusing in a gradient so as to limit the high current
ecosystem is given in Fig. 18. As stress increases, processes requiring
" excess energlies such as growth and reproduction stop and ultimately there is
& concentration at which energy available to the organisms is less than that
needed to deal with the stress.

Temperature
The size of the menmbers of the fouling commmities may vary with temper-

ature. It may be that the food niches may be occupied by smaller unite of
biological machinery at higher temperature because the biochemical processes per
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Fig. 16, Seasonal record of larval set in an Atlantic north temperate
location (Woods Hole Oceanographic Institutionm, 19528).
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.. Relation of Rate of Increase of Mussel Fouling to
Velocity of Tidal Currents in the Woods Hole Region.
, Calculations Based on Data of Hutchins and Deevey (J2)

Nume of Buoy

Chatham Lighted Whistle #6
Bearse Shoal Lighted Gong #6
0ld Man Ledge #3

Pollack Rip Lighted Whistle PR
Quicks Hole Bell #1

Nantucket Bar Bell

Naushon Lighted Belt 20
Fifteen Foot Shoal £9

Buzzards Bay Lighted Bell #7
Gong beside following entry
Buzzards Bay Traflic Lighted Buoy #6

Mean
Current Rate of
Knots  Increase®

1.02  0.055
1.34 0.047
—1  0.04
1,23 0.033
1.62  0.032
1.02 0.027
1.48 0.026
0.95  0.024
0.28 - 0.019
0.29 0.016

0.014

) 0.29
Block Island Sound Approach Lighted Bell V. 0.41 0.013

All Atlantic Coast Buoys—average

— 0.019

* Rate of increase in pounds per square foot per month-degree!
t Tidal current exceptionally strong in this area. No current data available.

(Woods Hole Oceanographic Institution, 1952a),
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gram may operate faster. Also, at high temperature there is more cost of
maintenance program due to thermal degradation that occurs in all structure
and mst be replaced or repaired.

The high velocity ecosystems are important to man as concentrating
mechanisms for food, sports, for waste purification, and as’ problems in mein-
taining ships, cooling pipes, and inlets. Those finding the growths as useful
yields need to colleborate with those who find them detrimental. Some more
general calibration of potential ylelds as a function of water current may
help planning in the future.

The high current system forms as a subsystem in many bays where
complexities in current create coarse grained bottoms, shell substrates,
epifaunas like small micro-reefs. The associations of high current animals
and coarse and shelly bottom substrates in Buzzards Bay, Massachusetts are
showvn in Figs. 20 and 21,
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Chapter A-4

OSCILLATING TEMPERATURE CHANNELS AND CANALS

In a few places in the United States there are regions bathed with
frequently changing waters of wlde temperature difference to which few
organisms are adapted and in which adapting ecosystems must divert energies
from community organization to physiological adaptation. More such situations
may develop with more heated water released from power plants and with plans
under consideration for navigation channels joining waters of widely differ-
ing temperatures. Existing examples of oscillating temperature regime
may show the kinds of ecological systems that may adapt.

Examples

Cape Cod Canal

As shown in Fig. 1, the Cape Cod Canal at sea level Joins colder waters
of the Gulf of Maine with warmer marine waters of southern New England. There
are several feet of tidal range on the south but a 10 foot range on the north
which together pulse waters alternately irom the south and from the north
through the channel so that temperature ranges may go as high as 2T degrees
Fahrenheit. From Anraku (l%bam})e are shown patterns of salinity {Fig, 2) and
distributionsof principal zooplankton (Figs. 3, 4, and 5)» Chlorophyll data as sn
index to phytoplankton activity are shown in Table 1. A plankton system is main-
tained in the canal by the injections of new water. Pseudodiaptomus was more
common in the colder waters, Labidocera aestiva in the warmer waters and Acar-~
tia tonse and A.. clausil covered the range. Fairbanks, Collings, apd Sides
T1968) in an abstract.describe winter flounder, pollockscod, tautog, silver-

- sides, and herring as principal fishes. Fish eggs in the plankton were of these
species and algo @ cunner, mackersl, rockling and sand lance, Shipworms boring
in wood panels increase to the west. Nektonic animsls and plankton capable
of moving with waters retained some diversity but attached organisms along
the shores, stressed by changing temperatures,were low in variety. Frame
(1968) found a quasi-steady state of the green algae Ulva, Enteromorpha, and of
the tunicate Molgula on the temperature stressed shores. Power plants in
the canal may add additional oscillations in temperature. Chlorophyll (Table 1)
data show a productive system maintained in the mixing.

New Panama Canals

Very controversial is the proposed sea level Panama Canal which has
some properties in common with the Massachusetts sea level canal. South of
Panama there are 20-foot tides, variable salinities due to heavy runoff, and
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Fig. 1. Map showing Cape Cod Canal (Anraku 1964a)

Tasre 2 Mean chlorophyll a (mg/m') in éach

water mass
Date Buzzards Bay “Canal” Cape Cod Bay
water - water water
19 Sept 1960 7.8 4.3 55
15 Dec 1960 2.7 2.3 . 24
S July 1961 2.4 2.9 0.7
14 Aug 1961 24 1.3 0.8

(From Anraku 1964a).
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Distribution of Acartia tonsa through-
out the year at each station, plotted on logarithmic
scale. Figuves indicate the number of ‘individuals
per m? taken with a No. 2 net. Ranges of Cape
Cod Bay water and Buzzards Bay water are in-
dicated by the stippled and solid line, respectively.
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Distribution of Labidocera aestiva
throughout the year at each station, plotted on
lovarithmic scale. Figures indicate the number of
individuals per m? taken with a No. 2 net. Ranges
of Cape Cod Bay watér and Buzzards Bay water
are indicated by the stippled and solid line,
respectively, N
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Distribution of Acartia clausi through-
out the year at each station, plotted on logarithmic
scale. Figures indicate the number of individuals
per m? collected with a No. 2 net. Ranges of Cape
Cod Bay water and Buzzards Bay water are in-
dicated by the stippled and solid line, respectively.

Figs, 5; L,and 5. Capepod dis'\t,ribution in the Cape Cod Canal (Anraku,1964a).
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colder waters due to upwelling part of the year. North of the isthmus tides
are small and temperatures higher and salinities steady. Diversities are
large to the north and small to the south. Discharge of freshwaters into the
canal are predicted as large. In this feature the proposed canal resembles
the Cross Florida canal which receives much freshwater from porous limestone
aquifers so that there is a salinity gradient.

Cross Florids Canal

C. A. Willis, Florida Board of Conservation,supplied the following
statement in 1968 about the west end of the new barge canal (Fig., ) prior
to the start of use by barges.

“The canal itself has provided good trout, redfish, whiting,
yellowtail and sheepshead fishing as the fish have sought this
deeper water .during the winter months.. It has provided the only
place on this section of the coast where people can fish for
salt water fish from the bank.

"It has also produced a véry good growth of oysters along
the several miles of canal between Highway 19 Bridge and the
edge of the Gulf, This is attributed mostly to the proper sa-
linity obtained by the fresh water in the limestone leaching
into the salt water flowing up from the Gulf, This short
stretch of canal has produced thousands of bushels of oysters--
both to the cammercial harvester and to the fishing public.
The newly exposed limestone rock along the banks has also
provided a good cultch for the spat (small oysters) to catch
and grow on. It is not uncommon to find a thousand people
fishing here on a Saburday or Sunday in the wintertime.

. "The seven miles of islands created offshore as spoil banks
have also provided a gdod feeding ground for mullet, big red-
fish and large trout. The small rocks along the beaches have
provided shelter for hundreds of thousands of small crabg --
mostly small stone crabs and oyster crabs. This in turn has

~attracted and held the fish that féed on them -- blackfish,
redfish, sheepshead, etc.

_ "The islands themselves have provided nesting areas for
many of our shore birds. It is easy to walk along the high
spots and, if you lock very carefully, to find many nests of
the least Tern in the summertime,"

Suez Canal

For species to displace others requires that the regimes of stress
and ranges of temperature and salinity adaptation be similar. In the Suez
Canal in Egypt, the building of the Aswan dam is allowing higher and more
regular salinities at the northern end which will allow invasions from
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the Red Sea not possible before,even though there are some hypersaline
conditions in the canal's middle section that reduce viable transport.
Thus the Suez example may not be & good model for predicting immigration
in Panama. The properties of changing conditions likely to develcop in the
canal as a continuing stress are likely to result in a simple community,
with fewer species than at either ende Odum, Cuzon, Beyers and Allbaugh
(1963) found diminished species in Aransas Pass inlet where a similar
stress of mixing occurs. Whereas such patterns are probably no barrier to
the occasional injection of scme species of one area into the zones of the
other, the presence of an inhospitable gystem in between precludes much
population pressure. The experience with the Cape Cod Canal shows that
mere injection of species that are adapted to one temperature-salinity
regime into a sharply different regime serves only as a minor organic
food inpute

Representative of some opposition opinion is Briggs (19€9) who
believes there is danger of the canalschanging large areas. This opinion
is held by many systematists and evolutionary biologists who regard the
historical factor as of controlling importance to the distribution of
species. ,
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Chapter A-5

SEDIMENTARY DELTAS

Bruce W. Nelson

University of South Carolina
Columbia, South Carolina

INTRODUCTION

Deltas (Fig. 1l-4) are massive accumulations of sediment built up where
rivers enter a lake, an enclosed sea, bey, or lagoon, or the open ocean. Where
deltas occur it is an indication that sediment is being supplied by the river
at & more rapid rate than it can be removed by tidal currents, wave action,
and other forces in the basin of deposition. Thus the most significant stress,
from the ecological viewpoint, is the high sedimentation rate that characterizes
the enviromment associated with deltas. Whether or not a river develops a
delta is affected not only by its sediment load but by its discharge as well.
Rivers that discharge less than 500 cubice feet/second are unable to counterw
balance wave action. Those with discharges around 15,000 cubic feet/second
develop cuspate deltas without distributary channels. Discharges upwards of
50,000 cubic feet/second are needed to initiate and maintain the large dis-
tributary systems that characterize the world's major deltas and to extend
them quickly enough to overwhelm marine erosion. A characteristic ecologleal
system develops in the waters and on the bottom In the zones of river discharge
into the sea.

EXAMPLES
Mississippi River

Within the United States the best known and largest example is the
Mississippl delta that dominates the state of Loulsiana. In addition to the
ecosystem at the mouths of the distributaries, there are other ecological
systems and subsystems such as the oyster reefs, marshes, and oigohaline bays,
covered in other chapters. Maps and diagrams showing the Mississippi delta,
some sedimentary characteristics, and some of the biological components and
processes are given in Figs. 5-~18. Zones and sediments are in Figs 5 and 6.
Salinity in relation to current is given in Figs. 7 and 13, temperature in
Fig. 8. Changes in temperature profiles after hurricane passage are given by
Stevenson (1966) in Fig. 16. The relatively restricted variety of organisms
are summarized in Table 1 by Parker (1960) Foraminifers are summarized by
Walton (1964) in Fig. 1l and Curtis (1960) in Fige. 15. Ratios of sand, silt,
and clay are given in Fig$ 17 and 18,

Atmsco River, Western Puerto Rico

The delta of a very small tropical river in western Puerto Rico is of
special interest because of the trace element studies and the enviromment of
blue tropical waters and coral reefs. The Afiasco River and some properties
of sediments are given in Figs 19-30 (Lovman 1966, Lowmen et al.1966, Lowman
et al. 1967). '
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Table 1, Missisippi Delta animals (Parker, 1960),

1fl. DELTA-FRONT DISTRIBUTARY AND INTERDISTRIBUTARY ASSEMBLACE

Species Comparative Abundance; Sise
PeLECYPODS . ) ,
Rangfa cuneata (Gray, 1831) Not as abundant as in river-inﬂuenced.asscmblage
Rangia flezuosa (Conrad, 1840) More abundant, especially in interdistributary’ bays
Mccama_mxtc_he.lli_ Dall, 1895 Rare, mostly in channels )
Crassostrea virginica (Gmelin, 1791) Very abundant in "higher salinity interdistributary
. ! ) . i i bays; large. (2-6 in.)
Petricola pholadiformis Lamarck, 1818 Common on distributary submerged levees; medium
. (1%4-2% in.) ’
GasTrRoPODS )
Littoridina or Amnicola, species Not very common; small (4¢in.)
I R § .
a | b | ¢ ] d
Echinocythereis margaretifera - § —
Cushmanideo cf C. agricolo | BIOFACIES DISTRIBUTION ‘o
Krithe producnfrH ) . A
Hemicythere cf. H. convexa c [
Cytheryopteron off. C. alafum SELECTED OSTRACOD SPECIES -
Cytheropteron ¢f C. leonensis - . oy
Basslerites cf. B, berchoni ABUNDANCE DISTRIBUTION .
‘Paracypris polita. wmme- Consistent (higher percentages) [T
Pterygocythere sp. wswuwn Erratic (higher percentages)y o
Microxestoleberis spi ~— Consistent %Iower percentages)
Sohnia sp. ——~ Erratic {lower percentages) 2
Cytherella lata - Rare : im
2 Xestolebéris parvo - ;
Pseudocythere? fragilis 1
Paracytherois ensiformis - === [
Machaerina. tenuissima [ ]
Cytherura? cf. C. acuticostata - o
Buntonia sp. - — m
Qceultocy thereis? sp p——
Pterygocythersis ¢f. P americana 1
Argilloecia cylindrica " -
Cytherelio- polita e v e m
‘Argilloecia’ minor - —
Cytheropteron latum e - 7
Trachyleberis sp. P —_— - ' ]
‘Loxoconcha cf. L. purisubrhomboidea - -
Pellucistoma off. P howej o - = -
Cytheretto’ daniana . - —— —
Cytherura forulata — n .
Cushmonidea cf. C echolsce ’ . e 14
Loxoconcha - australis B —
Cushmanidea cf. C. onderseni
Luvula of L polmerae
Campylocythere loevissima -
. | Hermanio? :sp. .. = —— 2z
| Perissocytheridea brachyforma e
Microcythere moresiano ©
Cytherura rarg r— 1z
Loxoconcha subrhomboidea ol :
-Haplocytheridea cf. H. waltonensis — =~ O
Cytherura sp. b o - 2
Xestoleberis curta L — T
Puriona cf P mesacostalis e m
Puriona dowsoni. - — e
Microcythere cf. M. stephensoni P o e rfe ”
Leptocythere porecasteneo F— — p—
Hepmicyg\ere c%. H. cymba — : :— .
Leptocythere bacescoi — -1
‘Microtythere johnsoni - — i = m
Haoplocytheridea bassieri o o s o
Haplocytherideo cf. H. ponderosa e
Microcytherura? sp. : o e e -
Actinocythereis cf A. exanthemata - = m
Leptocythere cf. L. porcellanéa f— j
Cytherura forulata var. = — —p— ®
Condona marchica .and C. spp. — = e
Paracytheridea troglodyta [ e
Perissacytheride matsoni i e K

~Biofacies distribution of selected ostracod species. (Areal diétributio_n of biofacies uhigs is shown in
Figure 7.) Biofacies units: I, ofishore (middle and outer neritic, open shelf); 11, inshore (paralic); including 1Is,
nearshore (inner-neritic, open shelf); ITb, estuarine; I1c, open lagoonal; I1d, interdistributary.
Fig, 15, Life zones formed by ostracod distributions in the
Missisippi delta (Curtis, 1960},
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Fig. 17, Sedimentary characteristics in the lissisippi delta(shepard, 1960),

MISSISSIPPL
I 1 ] N
= =DEPTH—
= 100
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FEET
2 o

. T
0‘======m—-4. g
NAUTICAL MILES

J.R.M.

. . . —Bottom profiles and sand, silt, and clay contents of sediments off major
Mississippi (North Pass) and Rhone (Grand Rhone) distributaries, Sample loca-
tions are plotted horizontally from delta (left) to ofishore shelf (right). Data from
Shepard, 1956a, and Kruit, 1955,

Fig, 18, Sedimentary -profiles of the liissisippi delta
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Fig, 20, Seaimentary patterns of the Anasco HRiver delta, Puerto Rico
(Lowman, Phelps, Ting, et. al., 1967). :
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(Lowman, Phelps, Ting, et, al.,1967),
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Fig, 21.
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of western Pyerto Rico (Lowman, Phelps, Ting, and Zscalera,

Station Depth Biomass MgFe/ grz‘xD’:'x't/MZ Mgin/ ngWt.Mz MeSc/ ngWt/Mz MeSm/ gDt .MZ
1 25 1.70 7.7 310 2.9 0.5
4 25 4.53 17.6 470 5.2 1.4
2 25! 3.91 6.4 540 4.0 1.1
6 S0' - 10.39° 14. 150 6.8 1.3

1 75 16.41 6.4 9.2 4.9 0.1
7 S0’ . 2.06 1.6 90 1.6 0.8
13 50! 2.38 7.0 . 110 2.9 0.50
12 50 5.92 2.4 50 1.7 0.2
9 50' 4.44 8.8 85 5.0 0.50
10 50! 1.18 2.1 40 1.0 0.2
14 125 1.93 13. 140 5.5 1.8
3 25 19.43 3.7 - 490 5.2 0.7
S 25" 15.44 8.6 640 5.5 1.1
8 so! 12.70 4.6 30 5.3 0.2

Total biomass per
square meter in the top 8 centi-
meters at 14 stations off the
Afiasco River (see inset fig.).
Also shown are the total amounts
of iron, zinc, scandium and sama-
rium incorporated into the benthic
infauna.

Distribution of biomass and 4 trace elements off the Anasco River delta

1966),
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and seandium in the sediment
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Distribution of iren and scandium, with depth, in marine sediments taken off the west eoust of Puerto Rico. The amounts of iron

s wore inversely reluted to distance from shore.
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SCANDIUM IN SEDIMENTS TAKEN OFF THE ANASCO RIVER WITH AN ORANGE-PEEL GRAB
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River delta, Puerto kico (Lowman, “uinones, liro,



302

Other Examples

Sedimentary deltas have a worldwide distribution. In many areas
deltas are the sites of clties, harbors, or important agricultural lands, so
they have been studieq extensively., In the United States deltaic regions are
much more insulated from the main population. The small deltas of the Rio
Grande, Brazos, and Appalachicola rivers have been studied extensively, as
have numerous small deltas that presently are building into the lagoons and
estuaries of the Texas and Gulf Coast. Other deltas, more or less well knowm,
are the Colorado River delta at the head of the Gulf of California, the San
Jaquin delta at the head of San Francisco Bay, and the Fraser River Delta
near Vancouver, British Columbia just beyond the United States boundary.
There are several important deltas in Alaska, including that of the Yukon
and the Kuskoguim. The east coast United States has no active deltas, except
some very small ones at the heads of estuaries that characterize this coast.
Before the Santee River in South Carolina was diverted into Charleston harbor
it was building a delta into the Atlantic Ocean and the cuspate form of the
old Santee delta can be seen on maps of this region.

Some famous deltas in other parts of the world include those of the
Mediterranean Sea--the Nile, the Po, and the Rhone., The Netherlands and
Danish archipelago 1s bullt upon the deltaic system of the Rhine-Scheldt-
Meuse system. In Africa the delta of the Niger has a classic form, and in
South America the delta of the Orinoco in Venezuela has been much studied.
Some of the great deltas of the world are found in Asia, but these are less
well known to westerners. Some important ones are the deltas of the Ganges
and Irrawaddy in India, the HBwang Ho in China, and there are many others.
The illustrations of deltaic enviromments that follow have been taken from
the best studied of these deltas.

DISCUSSION

Deltas have a characteristic two dimensional form (such as that of the
Nile shown in Figure la, from which the neme "delta" derives), a three dimen-
sional structure (Figure 1lb), and a characteristic mode of evolution through
time. When the supply of river borne sediment exceeds the rate of removal,
deltas intrude upon normal estuarine or marine enviromments in the course of
time, In this sense the sediment pollutes the environment, but this must be
considered an expected outcome wherever the delta advances rapidly. If the
forces of marine erosion overcome those of sediment supply, the front of the
delta is cut back, beach deposits form along the shoreline, and the stage is
set for a new phase of advance, Figure 2 shows the structure that results
after two periods of advarnce iInterrupted by one of retreat. Because of the
high sedimentation rate, the sediment that accumulates 1s vexry loose and con-
tains large amounts of water. As the sediment consolidates, the surface of
the delta sinks at rates that vary from 0.05 to 0.17 feet per year. This
phenomenon poses special land use problems in deltaic areas. Figure 3 shows
the magnitude of this problem in a heavily populated area in Japan. Subsi-
dence also gives rise to special kinds of estuaries that exist on the surface
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of the delta (see below). The water that is forced out of deltaic sediments
during their compaction migrates to porous sand strata within the deltaic

mass, produces remarkable conditlons of bydrostatic forces within the sube
surface, and generally causes unique problems of water supply and use in the
area of the delta.

The general form of shallow water deltas is shown in Figure 1, The
visible part of the Nile delta has a generally arcuate shape in two dimensions ’
"both above sea level and below. Between Calro and the sea the Nile River
breaks up into a number of smaller branches, called distributaries. Each
distributary consists of & river channel contained within two bordering
levees. Between distributaries are extensive, low, marshy areas that are
subject to extensive flooding, both from the river and from the sea. Sub-

. idence produces interdistributary estuaries or bays in such areas (Figure
L), The profile across the Nile delta (Figure lb) shows the various natural
regions into which the delta can be subdivided. The gubaerisl topset plain
is constructed of freshwater river sediments, largely sands. The subaqueous
topset plain--often referred to as the delta front platform--consists of
predominantly sandy deposits constructed during the abrupt interaction
between river and ocean currents that occurs at the very edge of the delta.
The foreset slope, or pro-delta slope, contains largely silty deposits that
drop out when the turbid river water flows out upon the sea and loses its °
momentum. The foreset slope is a very gently incline surface with a slope
of 0.3 to 1.0 per cent. Beyond the foreset slope 1s a very flat region in
deep water where fine clays accumulate slowly. This is called the bottomset
plain. The Mississippi delta is building into deep water, rather than into
a shallow sea, and its surface form is quite unusual. Even so, the same
natural regions have been recognized, as Figure 5 shows. The topset plain
and the bottomset plain occupy the largest areas in a delta, but about 75 per.
cent of the sediment deposition tekes place on the narrowly restricted
foreset slope, If, due to rapld sedimentation, the foreset slcpe builds
out too rapidly and becomes over steepened (slopes greater than 1 per cent),
slumping occurs and sediment is moved en mass down the slope to the bottomset
plain. Such activity gives rise to channcled topography along the foreset
slope adjacent to active distributaries, such as appear in Figure 6. Such
activity must be inimical to bottom dwelling life to an even greater degree

. than the high sedimentation rate and turbidity that characterize deltailc

environments generally.

The environments in front of an advancing delta are estuarine in the
sense that fresh and salt water mix in them, but they are a very special
kind of estuarine enviromment. The transition between freshwater and ses
water is more abrupt in marine deltas than in most estuarine environments.
Where a delta protrudes into an enclosed bay or lagoon, the transition from
fresh water to the water of the bay or lagoon is more abrupt than usual.

The salinity of the bottom water immediately in front of a delta is nearly
that of the adJoining ses or bey water, even though large volumes of fresh
water flow out from the river at the surface. This 1s because the forces
that tend to mix fresh and salt water (the tidal currents) normally are weak
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in front of deltas. In fact, this factor is a major control cn the occurrence
and distribution of deltas. Where there are strong tidal forces, the sediment
supplied by rivers is eroded and removed; where there are weak tidal forces,
the sediment deposits and forms deltas. As a result of the weak mixing forces,
the vertical salinity gradient in front of a delta is very marked. Virtually
fresh water flows out at the surface, and sensibly marine water intrudes along
the bottom over the delta front platform and into the distributary channels.
Organisms that live on the bottom must be adapted to relatively saline water.
The position of the leading edge of the saline water is determined by the
hydrostatic force exerted by the freshwater flow. When the flow is low, the
saline water penetrates far up the distributary channels; when the freshwater

- flow is large, salt water is flushed out of the channels and across the delta
front platform. From the ecological voint of view, this means that environ-
ments in the distributary channels and on the delta front platform are subject
to extreme salinity shocks that correlate with the freshwater discharge. The
vertical distributions of salinity during a high and a low stage at the mouth
of the Mississippi River are showm in Figure T. The intrusion and extrusion
of salt water in the river channel at different stages show clearly. These
diagrams also show the strong contrast between surface and bottom salinities.
Of course, examples are known where deltas are building seawsrd in the face

of strong tidal currents. The Rhine-Scheldt delta complex in the Netherlands
is an example. Here the deltailc distributary channels are much more typically
estuarine inheving & galinity gradient that is stretched out along the bottom.
The bottoms of such distributaries are less subject to extreme stresses due

t0 salinity shocks.

The distridbutary channels, the delta front platform, and the pro-delta
slope are all subject to extreme temperature shocks, by virtue of the fact
that river water temperatures nearly always contrast strongly with that of
ocean water. In temperate climstes the high discharge period of the river
brings very cold water to the delta margins, since this discharge occurs in
early spring. At other times of year and in other latitudes the thermal
contrasts are not so severe. Figure 8 shows how the difference in surface
water temperatures in the Gulf of Mexico region is greatest in the vicinity
of the Mississippi delta and other sources of land drainage.

The environments marginal to the delta are regions of high turbulence,
another important stress that affects the indigenous fauna. Since water
depths in the distributary channels and the delta front platform are small
(20 feet or less), local wind waves or swells that approach from the sea
stir the bottom. Strong currents from the river and those from the tides
also sweep over these shallows creating a high degree of turbulence almost
continuously. s

One of the effects of high turbulence 1s a contimwously high oxygen
supply in the surface waters. At depths below the surface and particularly
on the bottom on the foreset slope, however, serious oxygen depletion can
occur because of the high organic content of the sediment, the extreme
vertical density stratification, and the relatively slow rate of water
renewal from the sea source. On the other hand, beyond the foreset slope
where the rate of supply or organic rich sediment is low, highly oxidizing
conditions become re-established.
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~ The freshwater discharge of the river brings both nutrients and
suspended sediment to the margin of the delta. In most deltas the quantity
of freshwater discharged varies considerably seasonally. In temperate
regions the maximum corresponds to the early spring runoff period. In
mediterranean climates there often are two maximum discharge seasons. In
tropical deltas an annual flood corresponds to the rainy season. Turbid
water, even though highly charged with particulate matter and often colder
than the sea water, bds a relatively low density and is forced to flow out
on the sea surface. The momentum of the river carries the turbld freshwater
flow for several miles beyond the delta margin--as much as 50-60 miles for
spring floods in a large river., The freshwater gradually assimilates the
surface sea water as it is propelled along. Thus there is a horizontal
salinity gradient at the surface in front of the delta (Figure13). (Such
strong. horizontal salinity gradients. do not exist along the bottom in front
of deltas.)

The suspended sediment concentration at the surface in front of a
delta ranges from 10~100milligrams per liter. This is very turbid compared
to sea water where the suspended matter is less than 1 milligram/liter,
including plankton. The high concentrations of suspended particles in the
surface layer block penetration of sunlight. Even in very shallow depths
oréanisms-must be prepared to live on the bottom in absolute darkness. The
bottom waters may be relatively free of particles but they are shaded from
any light. ‘

The sedimentation rates in the vicinity of distributaries of the
Mississippi and Rhone (France) deltas are as high as 1 foot per year and in
some areas even more. These rates are normal for large deltas. They are
probably somewhat unusual for smaller ones, but a rate only half as great
would still pose quite a survival problem for all but the most mobile of
benthic invertebrates. On the delta-front platforms the deposition is much
slower, on the order of O.1 foot per year. On the bottomset plain the rates
are very slow, perhaps 0.0l foot per year, or even less. On the one hand
the continuous rain of particles from above causes a survival problem, but
on the cther hand, it brings an unfailing supply of nutrient rich food. Thus
the environment can support large numbers of the particular species that can
survive conditions of rapid sedimentation. Mackenzie, Garrels, Bricker, and
Rickley (1969) show suspended clays controlling water content on one nutrient
element (Fig. 31). Thomes and Simmons (1960) give productivity date in
Tables 2 and 3.

.. The surface watetrs in front of deltas are relatively rich in nutrients
that are brought to the sea in.the freshwater. Their abundance fluctuates
with changes in the dmount of freshwater flow. Because of the abundant
nutrient supply a large standing crop of plankton can be supported in these
surface waters. The most abundant forms are diatoms and copepods. The
numbers of diatoms decrease away from the front of the Po delta (Ttaly) from
about 32,000 per liter to about 22,000 per liter in a distance of 30 miles.
Within the next 100 miles the diatoms decrease in number to about 800 per
liter; while the effects of freshwater as measured by the salinity virtually
disappear. It is probably not only the inorganic nutrients that provide for
the high standing crop near the delta, but organic nutrient substances carried
by the freshwater apparently influence the abundance and distribution of
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‘Table 3, Photosynthetic productivities in the I“iissisippi delty
Thomas and 5immons(1960).

\

STRFACE PRODUCTION AND ASSOCIATED MEASUREMENTS DURING SEAWARD
TravERrsEs ox FEB. 21, 1957

. Estimaled . )
Hourly ; Secchi
. < Daily " . Phosphate
Station ! : Production . Disc Chlorinity | Tempera-
Number Area Time wgm C/Lf f;f%c/hf;' Reading /o0 ture °C. @gmz)ztom/
Hour Doy (cm)
963 J 0735 14.2 158 10 0.12 14.0 0.91
964 J 0745 16.4 182 10 0.04 14.0 0.66 -
965 ] 0805 21.2 235 10 0.04 14.2 1.05
966 K 0815 34.6 384 ¢ 15 0.14 14.0 1.07
967 K 0840 18.8 209 100 5.69 16.0. - 2.31
968 K 0910 17.3 192 100 13.76 . 15.8: 0.85
969 L 1236 25.2 280 76 14.91 14.5 0.9
970 L 1255 24.8 275 51 13.71 14.5 1.10
971 L 1310 21.6 240 76 12.26 16.0 1.23
972 L 1325 22.1 245 61 12,97 16.2 1.51
973 K 1400 :  16.2 180 8 0.14 16.2 1.16
974 J 1415 | 6.0 67 6 0.04 16.0 0.78
975 1 1443 1.7 19 [} 0.04 14.0 0.90
SUREACE PRODUCTION AXD AssOCIATED PARAMETERs DURING SEAWARD
TRAVERSES I¥ May 1957
N Estimalted :
Hourly- . Secchs
. o Daily f .. Tempera- | Phosphate
. 1] .
Dale Time :‘g.w::‘g:’ Area? f;::i"cc;f;’ Prod (nfcllx‘ on R:z:;f ng Cll[é)/’::' iy lggc (ng m]:atom/
Hour I‘S"’D /L (em) )
ay
1957 ,
May3d | 145 088 A 6.5 85 3 0.06 19.4 " 0,35
0750 984 C 3.6 47 20 2.43 20.1 2.67
0830 985 E 7.3 96 107 8.64 22.2 0.57
0915 986 F 24.0 314 24 14.08 24.5 0.43
0945 987 F 28.9 379 315 15.11 23.9 0.43
May 7 0630 1,007 G 16.9 222 10 0.17 19.4 0.69
0700 1,008 G 20.5 268 10 0.58 19.4 1.18
0710 1,009 G 30.6 401 15 1.54 18.9 1.4
0720 1,010 G 74.8 980 8 2.93 20.0 1.34
0730 1,011 H 81.4 1,067 30 6.54 22.2 1.40
0800 1,012 H 97.5 1,278 61 5.9 21.1 1.56
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Fig. 1. Concentration of dissolved silica as a function of time for suspensions of sili-
- cate minerals in sea water. Curves are for 1-g (< 62 x) mineral samples in 200 m} of
silica-deficient (SiQ. in water was ‘initially 0.03 ppm) and silica-enriched (Si0: was
initially 25 ppm) sea water at room temperature. Size of symbols indicates precision
of Si0. determinations. Dash-dot line shows minimum SiQ. concentration of sea
water in equilibrium with a hydroxylated magnesium silicate at the pH's of our

experiments.

Fig, 31

Ontrol of silica content of waters by suspended clays

(Mackenzie, Garrels, Dricker, Bickley, 1969).
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Average monthly catch per trip of
indusirial fish by trawlers of four
Missiesippi petfcod plants during
1959,
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Species composition by weight of trawl-
caught industrial fishes from January

1959 to April 1960,

Fig. 32, Trawl cateh off the lissisippi River (Haskell, 1960).
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plankton as well, The number of zooplankton (tintinnids, copepods, worms,
and larvae of various kinds) is about half the number of diatoms in any
water sample. Similar distributions have been observed in front of many
deltas, including the Mississippi. Robinson (1957) found suspended clays bene~
ficial to filter feeding plemkton (Fig. 33).

The fauna that inhabits the bottom can be divided into a microfauna,
including foraminifera and ostrocods, and a megafauna that includes quite.
a variety of relatively large invertebrates such as clams, gastropods, and
crustaceans. Within the active distributaries the bottom supports a unique
foraminiferal fauna which 1s poor in number of specles. The exact species
vary with the actual salinity and temperature of the water, but they are
_types that are transitional between freshwater and marine varieties and
cgpable of withstanding large salinity fluctuations. In the pro-delta slope
area the fauna is adaptable to the rapid sedimentation rate. Tt consists of
a few (usually three or four) species that have definitely marine affinities, -
and it is characterized by having a very large proportion of living population.
This characteristic fauna has been studied in the Mississippi delta area by
Lankford (1959), for example. When a delta builds into a lagoon or bay,
where the salinity is not fully marine, the foraminiferal fauna may not have
marine affinities, but it retains the characteristic that it is composed of
a very high proportion of living forms of only three or four species. Beyond
the pro-delta slope the species composition becomes more diverse. The tempera-
ture, water depth, and other ecological factors control species composition.
Other small orgenisms, such as ostracods, show similar distributional char-
acteristics between distributary, pro-delta slope, and bottomset plain regions.

Distributions of the larger invertebrates are influenced by many of the
same factors as discussed above. However, adjacent to the deltaic distribu-
taries extreme fluctuations in salinity and water temperature, as well as an
unstable substrate, produce environments that are extremely hostile to most
larger, relatively immobile, invertebrates. The number of species that can
populate such environments, therefore, is small., Within the distributaries,
salinities become quite low during most stages of freshwater flow. This
excludes marine pelecypods and similar gessile forms. The high turbulence
and turbidity are other factors inimical to the existence of marine species.
But the more motile animals--crabs, fish, shrimp, ete.--invade the distribu-
taries when high salinlty water enters them at periods of low freshwater flow.
Should floods follow a period of extended drought, mass mortalities of the
larger invertebrates are likely to occur. AdJacent to the distributaries
where salinities are less than 10 ofoo, the faunas consist almost exclusively
of a few pelecypods, & gastropod or two, two or three crustaceans, and a few
fish of various sorts. Of these, the pelecypods are the largest and most
diverse forms. They consist of four or five species (often including oysters).
In the pro-delta slope region pelecypods, gastropods, and crustaceans become
more abundant and diverse. The species become more akin to marine forms. The
organisms are adapted to life on muddy bottoms and salinities Jjust slightly
less than marine. Beyond the pro-delta slope i1t is the nature of the bottom
lithology-~whether sand or mud--that is the dominant control of the faunal
composition. Sendy bottoms sustain a very diverse group of marine pelecypods
(a dozen species), gastropods (6-8 species),
and occasionally echinoderms. Relatively few species occur on mud bottoms,
but where found they are very abundant. As the water depth increases and
siltation decreases farther away from the delta, species diversity increases
and the number of known species becomes very large.
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In Fig. 32 are data on the fish cetch by trawlers operating in and
“around the delta system of the Mississippi; it gives some suggestion as to
the fish populations.

The contrast between the delta and less disturbed surroundings is
especially sherp in the work of Lowman and associates on the Aflasco River
example (Figs 19-30). Note the sharp changes in trace element contents of
the sediments and the role of organisms in controlling many elements. The
establishing of frequency distributions which show high , skewed variability -
of trace elements in biological materials is one of the results of these studies.

From the above discussion we see that the stresses imparted to ecologi-
cal niches in'the sedimentary delta environment are extreme and of a variety
of kinds. Both speclation and species diversity reflect the dominant physical |
nature of these environmental stresses and their variations from one place to
another. .
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Chapter A-6

HYPERSALINE LAGOONS

B. J. Copeland ‘ Scott W. Nixon

The University of Texas University of North Carolina

Port Aransas, Texas 78373 Chapel Hill, North Carolina 2751k
INTRODUCTION

In the arid coastal regions where evaporation exceeds freshwater input,
shallow estuarine waters become hypersaline (salinity above sbout 4O gm/kg
(ppt)). These "lagoons" are characterized by the marked lack of freshwater
input and they are isolated from the sea by long nerrow barrier bars - their only
connection with the sea is through "passes" in the narrow, often intermittent,
barriers. As illustrated in Fig. 1 and in Fig. 2, the typical hypersaline
lagoon tends to evolve parallel to the shore with narrow passes usually near
the ends of the water body.

While the single most dominating feature of hypersaline systems is that
of salinity, other parameters are important in determining which of the three
main types of biological components will develop - grass flats, plankton based
systems, or blue-green algal mats. When water depths are very shallow, perhaps
10 cm. or less, eddy diffusion becomes minimal and a laminar system may develop
in which blue-green algal mats dominate and dissolved oxygen levels fluctuate
widely between supersaturation during the day and anaerobic conditions at night
(Sollins 1969). In deeper waters of several meters, where light may still pen-
etrate to the bottom on calm days and salinity is not excessive, extensive under-
water meadows of sea grasses may develop and serve as shelter and breeding
grounds for fish and various invertebrates. BSuch grass systems may persist only
where the morphology of the lagoon is such that the fetch of prevailing winds
remains relatively small and turbid conditions do not result from wind generated
waves churning up the shallow bottom. When the turbidity of the water becomes
too great, plankton systems dominate over the light limited benthic ones and
cause concomitant changes in the density and species composition of animal pop-
ulations.

The concentration of salts in the hypersaline lagoon waters represent a
sea, to land concentration gradient, with the highest concentration being inland.
With no head from river inflow to provide the circulation balance in the lagoon
between fresh and sea water, there is a net inflow of sea wmater to replace the
evaporation of water. This results in a net evaporation increase at the inland
edge of the lagoon (or, in some cases, as distance away from the seawater source
increases). With continued lack of freshwater input, the evaporation-seawater
replacement phenomenon results in continued increase in general salinity of the
water, such as has been the case in the Texas and Mexican lagoons during pro-
longed droughts. :

On the landward side of hypersaline lagoons are the expansive areas
known as ns and flats (see ‘the illustration from Nichols 1966 as reproduced
in Fig. %). These shallow flat areas are important for mutrient circulation and
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net transport of water. The shallowness of the flat areas allowe the rapid
evaporation of water and generates a pattern of landward circulation. With
the ebb and flow of waters due to wind changes and tidal effects, the flats
are alternately drained and flooded. .According to Nichols (1966), character-
istic biogeochemical cycling in these areas results in a buildup of nutrient
materials, such as phosphorous, in the evaporating pen waters, which are re-
turned to the lagoon during the drasining of waters from the flat.

Any biotic system that is capablé of living in hvpersaline waters must
have the adaptive ability to contend with high salinity (osmotic problems),
differential ion precipitation, and strange pH, dissolved oxygen and temperaiure
regimes (Copeland 1967b). The results of this harsh environment are a reduced
species diversity, a modification of biogeochemical cycles, a modification of
the food web and a modification of the general productivity and economi¢ value.

The contributive energies normlly coming from river input with its
organic end inorganic foods are a].most completely eliminated in the hypersaline
lagoon system, except during rare floods. The process of evaporation, however,
tends to concentrate the inorganic and organic constituents of the water while
decreasing the relative volume of water. The river input meterials are also
partially represented by the erratic floodwater contents from the arid drainsge
area (the infrequent rains in arid areas tend to come at irregular intervals
and in large amounts,  thus providing erratic input to the hypersaline lagoon).

Laguna Madre, Baffin Bay, of Texas

The Laguna Madre and Baffin Bay, Texsis (Fig. 1) constitute the most exten-
sive hypersaline lagoon system in the United States. Certainly it is the most
intensively studled of such systems, and from the work of Collier and Hedgpeth
(1950), "Breuer (1957, 1962), Odum and Wilson (1962), Hellier (1962), Parker (1959)
and Odum (1967b) s & general composité diagram of the system can be made as in
Fig. 4. The high solar ihsolation (greater than 700 gm.-cal./em?/day in summer,
persona.l observa.tion) genera.tes subgtantial evaporation rates and results in
natural stresses of high temperatures and salinities, éspecially in the shallower
waters around the edges of the lagoon. As shown in Figure I , these areas are
dom:Lnated by extensive blue-green algal mats and associated bacteria. As selinities
become increasingly higher as in the isolated arms of Baffin Bay (see Fig L), less
soluble salts such as CaCO5 may become saturated and precipitate over the mat
giving rise to oolitic formgtions characterlstic of such environments. As
'evayoration continues, nutrients and organié materials are concentrated as well
as salts, and this evaporat:.ve fertilization may be an :Lntegral part of the
mechanism by which orga.nlsms are able to generate the energy necessary to meet
the dra.lns of osmotic stress adaptation. The concentrat:.ons of a major nutrient,.
phosphorus , in the Laguna Madre - Baffin Bay system are compared with those in
the ba.rent water of the Gulf of Mexico in Table 1. )

As illustrated in Figure 2, there is a significant increase in salinity
with increase in distance from the sea-la.goon connection. Behrens (1966) wa
able to show & 15 to’ 40 ppt. difference in salinity between the north end (lower)
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Table 1. Phosphorus concentration in mg-at/m3 for Baffin Bay, Laguna
Madre and Gulf of Mexico (From Odum and Wilson 1962; Table 2).

Numbar

. of sumples mg-atom/m?

HYPERSALINE BAYS, salinity, 50 to 70%,

Baffin Bay, July 26, 1957 8 2.37-52

Baffin Bay, August'15, 1957 9 3442

Upper Laguna Madre, July 23, 1957 4 1.4-32

Upper Lagzuna Madre, August 1, 1957 8 3.4-42
GULF OF MEXICO, salinity, 33 to 36%

Port Aransas jetties, July 15, 1957 8 20-2.2

Port Aransas jetties, July 23, 1957 1 18

Whistling buoy, Port Aransas, August 10, 1959 4 0.0-127

- Table 2. Organisms normally found in Baffin Bay, Texas (with the
exception of nannoplankton) (From Breuer 1957).

DIATOMS FISH
Navicula gp. . '
Emphiprora paludosa Arridae

DINCFLAGELLATES Galeichthys felis
Ceratium hirundinella Cyprinodontidae

COELENTERATA Cyprinodon variegatus
Phortis sp, Antherinidae

CTENOPHORA Menidia beryllina peninsulae
Beroe ovata Mugilidae

MOLLUSCA Mugil cephalus
Mulinia lateralis : Sparidae »

COPEPCDA Lagodon rhomboides
Acartia tonsa © Sciaenidae

CIRRIPIDIA Cynoscion nebulosius

Balanus eburneus ocigenops ocellatus
AMPHIPODA Micropogon undulatus
Gammarus mucronatus Pogonias cromis
DECAPODA Bothidae
Penaeus aztecus Paralichthys lethostigma
Callinectes sapidus

Table 3. Fishes normally caught in hypersaline areas in the Texas Laguna
Madre ahd Baffin Bay (From Gunter 1967b; Table 1).

Laguna Madre

To salinity 75 ppt

Rafiin Bay
Includes some species
found only to 50-60 ppt

Elops saurus

Anchoa hepsetus
Fundulus similis
Cyprinodon variegatus
Menidia beryllina
Mlugil cephalus
Lagodon rkomboides
Cynoscion nebulosus
Pogonias cromis
Micropogon undulatus

Galeichthys felis
Cyprinadon variegatus
Menidia beryllina .
Mugil cephalus

Lagodon rhomboides
Cynaoscion nebulosus
Sciaenops ocellatus
Micropogon undulatus
Pogonias eromis
Paralichithys léthostigma
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of the Texas Laguna Madre and the west end (higher) of Baffin Bay (a distance
of 40 miles), except during the infrequent times of heavy rainfall (May-June
1965 and My 1966). Other exsumples of salinity increase toward the inner

areas of hypersaline lagoons include Breuer (1962) for the lower Texas Laguna
Madre, Simmons (1957) and Collier and Hedgpeth (1950) for the upper Texas Laguna
Madre, Nichols (1966) for a Sonoran lagoon, and Hildebrand (1958) and Copeland
and Jones (1965) for the Mexican Laguna Medre.

Organisms

Due to the need for osmotic stress adaptation, the' diversity of organisms
in hypersaline waters is low (Copeland 1967b). The megnitude of the stress in-
volved is a function of the energy drains of adaptive work required for the
species to remain as a part of the par*iculmr system (Odum 1967b). Such energy
demands are complicated and extended by fluctuations in the stress itself as
pointed out by Parker (1959) in reference to the invertebrate animsls of hyper-
saline areas:

Both in hypersaline and ve.,y low-salinity regions, the variability
and adversity of the environment determine the species composition
and comparative abundance of each species. In extremely varisble
hypersaline areas, the nmumber of species is very low, and the num-
ber of living individuals is small also. In stable hypersaline
areas (and stable, very lowe-salinity waters), the number of species
is still small, but the number of living individuasls is extremely
large. As the salinity decreases or increases 1o normal values
(along with relative stsbility), the number of species increases
and the nunber of individuals per species decreases.

Work by Breuer (1957) and by Gunter (1967b) among meny others has affirmed

the validity of this principle with respect to a variety of organisms living

in the Lagune Madre-Baffin Bay complex, especially with respect to the fish

of these environments. Their data are reproduced in Tables 2 and 3 respectively.
Fish in the plankton based system of Baffin Bay tend to be lergely planktivores,
gince the low productivity and the energy drains of osmotic stress may prohibit
the development of an extensive level of secondary carnivorous consumers. This
situation has been carried to the extreme in areas of brine pollution (see

chapter on Brine Pollution Systems) where the fish population may consist entirely
of planktivores. An idealized and simplifi